Weedy Setaria species-group seed heteroblasty blueprints seedling recruitment by Jovaag, Kari Ann
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2006
Weedy Setaria species-group seed heteroblasty
blueprints seedling recruitment
Kari Ann Jovaag
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Ecology and Evolutionary Biology Commons, and the Environmental Sciences
Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Jovaag, Kari Ann, "Weedy Setaria species-group seed heteroblasty blueprints seedling recruitment " (2006). Retrospective Theses and
Dissertations. 1528.
https://lib.dr.iastate.edu/rtd/1528
Weedy Setaria species-group seed heteroblasty blueprints seedling recruitment 
by 
Kari Ann Jovaag 
A dissertation submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of 
DOCTOR OF PHILOSOPHY 
Co-majors: Statistics; Ecology and Evolutionary Biology 
Program of Study Committee: 
Jack Dekker, Co-major Professor 
Mark Kaiser, Co-major Professor 
Ken Koehler 
Kirk Moloney 
Sarah Nusser 
Iowa State University 
Ames, Iowa 
2006 
Copyright © Kari Ann Jovaag, 2006. All rights reserved. 
UMI Number: 3229089 
INFORMATION TO USERS 
The quality of this reproduction is dependent upon the quality of the copy 
submitted. Broken or indistinct print, colored or poor quality illustrations and 
photographs, print bleed-through, substandard margins, and improper 
alignment can adversely affect reproduction. 
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if unauthorized 
copyright material had to be removed, a note will indicate the deletion. 
UMI 
UMI Microform 3229089 
Copyright 2006 by ProQuest Information and Learning Company. 
All rights reserved. This microform edition is protected against 
unauthorized copying under Title 17, United States Code. 
ProQuest Information and Learning Company 
300 North Zeeb Road 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346 
ii 
Graduate College 
Iowa State University 
This is to certify that the doctoral dissertation of 
Kari Ann Jovaag 
has met the dissertation requirements of Iowa State University 
Co-Major Professor 
Co-Major Professor 
For the Co-Major Program 
For the Co-Major Program 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
iii 
TABLE OF CONTENTS 
ABSTRACT v 
CHAPTER 1 : GENERAL INTRODUCTION 1 
Introduction 1 
Thesis Organization 2 
References 2 
CHAPTER 2: WEEDY SETARIA SPECIES-GROUP SEED HETEROBLASTY 
BLUEPRINTS SEEDLING RECRUITMENT: 
I. SEED DORMANCY HETEROGENEITY AT ABSCISSION 4 
Abstract 4 
Introduction 5 
Materials and Methods 10 
Results 16 
Discussion 19 
References 23 
Tables and Figures 27 
CHAPTER 3: WEEDY SETARIA SPECIES-GROUP SEED HETEROBLASTY 
BLUEPRINTS SEEDLING RECRUITMENT: 
II. SEED BEHAVIOR IN THE SOIL 45 
Abstract 45 
Introduction 46 
Materials and Methods 48 
Results 54 
Discussion 59 
References 62 
Tables and Figures 65 
CHAPTER 4: WEEDY SETARIA SPECIES-GROUP SEED HETEROBLASTY 
BLUEPRINTS SEEDLING RECRUITMENT: 
III. SEEDLING RECRUITMENT BEHAVIOR 78 
Abstract 78 
Introduction 79 
Materials and Methods 80 
Results 85 
Discussion 92 
References 100 
Tables and Figures 103 
CHAPTER 5: GENERAL CONCLUSIONS 123 
Relationship of heteroblastic germinability at abscission and subsequent behavior 123 
iv 
Intelligent behavior, learning, memory and fitness 124 
Recommendations for future research 126 
References 126 
APPENDIX: DETAILS ON STATISTICAL METHODOLOGY 128 
Examination of the clustering method in chapter 2 128 
Modeling the dormancy cycle of live seed in chapter 3 130 
Modeling the spring and early summer emergence pattern in chapter 4 130 
References 132 
Tables and Figures 133 
ACKNOWLEDGEMENTS 138 
V 
ABSTRACT 
The relationship between weedy Setaria seed dormancy and subsequent behaviors in 
the soil culminating in seedling recruitment is elucidated. Weedy Setaria seed dormancy 
capacity heterogeneity (heteroblasty) at the time of dispersal was characterized for 45 locally 
adapted Setaria populations, as influenced by parental genotype (species, time of 
embryogenesis) and environment (year, location). Taken together, the 45 responses 
represented Setaria's "seed dormancy phenotype space". The fate of heteroblastic seed 
entering the soil post-abscission was studied in four of the populations. When dispersed, 
heteroblastic Setaria seeds introduced into the soil form long-lived pools with varying cycles 
of dormancy, germination and death. The initially highly dormant seed after-ripens with 
time and becomes highly germinable, awaiting favorable temperature and moisture 
conditions: the heterogeneous germination candidate pool. As this pool is depleted in the 
spring and early summer by seedling emergence and death, dormancy is re-induced in the 
living seeds remaining in the soil. Seeds remain dormant throughout the summer, then 
resume after-ripening during late fall. This dormancy-germinability cycle exhibited 
complexity within and among the Setaria populations studied. Heteroblasty was retained 
within populations, and germinability responses to the yearly seasonal environment varied 
among populations. Seedling emergence behavior revealed the actual "hedge-bet" structure 
for Setaria seedling recruitment, its realized niche, an adaptation to the predictable mortality 
events caused by agricultural production practices. Complex oscillating patterns of seedling 
emergence were observed during the first half of the growing season in all 45 populations. 
These patterns were attributed to four distinct dormancy phenotype cohorts arising from 
inherent somatic polymorphism in seed dormancy states, and formalized using a mixture 
model consisting of four normal distributions. Variation in these patterns among Setaria 
populations revealed a fine scale adaptation to local conditions. The observed complexities 
in seedling recruitment behavior support the conjecture that the inherent dormancy capacity 
provides a 'germinability memory', the inherent starting condition that interacts in both a 
deterministic and plastic manner with environmental signals to define the resulting 
heterogeneous life history trajectories, an indication of learning and intelligent behavior. 
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CHAPTER 1: GENERAL INTRODUCTION 
Weeds in agroecosystems have considerable economic impact. Foxtails (Setaria 
species-group) are one of the worst weed groups interfering with U.S. and world agriculture 
(Dekker 2003, 2004), one of the world's most successful colonizing plants. Setaria's 
invasive threat continues due to its increasing geographic range of distribution, the 
appearance of new species and biotypes, and the increase of herbicide resistant variants 
(Dekker, 2004). A better understanding of Setaria's life history and the traits leading to its 
success can advise management of this weed. 
Many weedy traits expressed over the course of Setaria's life history contribute to its 
success. One important trait is the production and dispersal of seed with heterogeneous 
germination requirements (Dekker & Hargrove, 2002; Dekker et al., 1996). This 
heterogeneity leads to formation of long lived soil seed pools from which individual seeds 
germinate and emerge whenever their particular requirements are met. Timing of 
germination and emergence is critical in determining whether an individual will be able to 
survive, compete with its neighbors, be subject to weed control, herbivory or disease, and 
reproduce (Forcella et al., 2000). However, the variable risks associated with 
agroecosystems have not led to a single best time to germinate. Early emerging plants have 
the greatest potential for seed production, but the greatest risk of mortality. Late emerging 
plants may avoid early mortality, but experience more competition from the crop and have 
less time to produce seed. A good survival strategy for a prolific seed producing species like 
Setaria may be to disperse heteroblastic seeds able to take advantage of as many recruitment 
opportunities as possible, in both seasonal time and field space. The resulting pattern of 
seedling emergence timing may reveal the "hedge-bet" for individual Setaria fitness. 
Seedling recruitment strategies have been studied in both newly disturbed patches in 
established communities and unoccupied annually cropped agricultural fields (e.g., Chambers 
1995; Forcella 1992, 1997; Rogers & Harnet 2001; Thompson & Grime 1979). In general, 
these studies have used simplified, qualitative models that do not characterize heteroblastic 
variation within a species, ascertain precise estimates of seedling emergence timing within a 
season, or link dormancy and recruitment. 
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The hypothesis herein is that heterogeneous germination requirements among weedy 
Setaria seed at abscission are a determinant of the subsequent behaviors of individuals in the 
soil, including seedling recruitment timing. If heteroblasty has an adaptive, nonrandom role, 
the relationship between heteroblasty and subsequent behaviors may provide the hedge-bet 
structure for seedling emergence timing. That is, heteroblasty is the "blueprint" for seedling 
recruitment. The heteroblastic differences among individuals of a population can be 
compared with other populations to reveal heterogeneous local adaptation across the 
landscape. These dormancy differences will be echoed in the pattern of seedling emergence, 
and evolve over time in their interaction with the changing environment. 
Thesis organization 
This thesis consists of five chapters and an appendix. This first chapter is a general 
introduction. Chapters two through four are a series of three articles on heteroblasty in the 
Setaria species-group and its relationship to subsequent behaviors in the soil which will be 
submitted for publication. Seed dormancy heterogeneity at abscission is characterized in the 
first article (chapter 2). The fate of heteroblastic Setaria faberii seed entering the soil post-
abscission is elucidated in the second article (chapter 3). Evidence that weedy Setaria 
seedling recruitment behavior is predicated on dormancy state heterogeneity at abscission 
(heteroblasty), and modulated by environmental signals, is provided in the third article 
(chapter 4). The final chapter (chapter 5) contains general conclusions and suggestions for 
further research. The appendix contains further details on some of the statistical 
methodologies used in chapters 2-4. 
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CHAPTER 2: WEEDY SETARIA SPECIES-GROUP SEED HETEROBLASTY 
BLUEPRINTS SEEDLING RECRUITMENT: 
L SEED DORMANCY HETEROGENEITY AT ABSCISSION 
A paper to be submitted to the Journal of Ecology 
Kari Jovaag, Jack Dekker, and Brad Atchison 
Abstract 
Studies were conducted to determine the relationship between weedy Setaria seed 
dormancy and subsequent behaviors in the soil culminating in seedling recruitment. This is 
the first in a series of three articles demonstrating weedy Setaria seed dormancy capacity 
heterogeneity at abscission (heteroblasty) provides a "blueprint" for those subsequent 
behaviors. The objective for this present article was to provide a robust characterization of 
heteroblasty at the time of dispersal for 45 locally adapted Setaria populations, as influenced 
by parental genotype (species, time of embryogenesis) and environment (year, location). The 
heteroblastic structure of each population was revealed by the germination response to 
increasing amounts of after-ripening (in "ideal" conditions). The majority of the populations 
were differentiated from each other; this variation indicated a fine scale adaptation to 
different local environments. Taken together, the 45 responses represented Setaria's "seed 
dormancy phenotype space", and revealed three different dormancy patterns. The first 
pattern, low dormancy populations, had high initial germination in response to low doses of 
after-ripening. The second, high dormancy populations, had no or low initial germination 
with little additional response to increased after-ripening. Most populations had the third 
pattern, intermediate to the others, with low initial germination and increasing germination 
with increasing after-ripening dose. Germination responses were also used to rank 
populations based on their dormancy level to facilitate later comparisons with emergence 
behavior. Heteroblasty at abscission, elucidated herein, is hypothesized to influence 
subsequent seed fates in the soil, the focus of the next two articles in this series. 
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Introduction 
The relationship between seed dormancy induced by parent Setaria plants at the time 
of abscission is rationalized herein with subsequent behaviors in the soil and seedling 
recruitment. Evidence provides strong inferences that heterogeneous dormancy among 
Setaria seeds at abscission is an important determinant of subsequent behaviors of 
individuals in the soil leading to the timing of recruitment. 
Plant community assembly and ecological succession are characterized by four 
component processes: invasion (dispersal into a new locality), establishment and 
colonization, enduring occupation and extinction. In all successful cases opportunity space is 
seized and occupied, resulting in shifting interactions with neighbors and consequential 
fitness. It is the character, and times of availability, of these opportunity spaces that test the 
life history traits of invading species. Recruitment timing relative to that of neighbor plants 
is one of the most important determinants in plant community assembly and its consequential 
composition and structure. The importance of recruitment timing is especially crucial in 
agricultural habitats characterized by frequent, profound disturbance regimes (e.g tillage, 
herbicides, harvesting) in which the entire plant community is typically removed on an 
annual basis. 
The first phases of the weedy Setaria plants' life history are therefore of critical 
importance, especially those temporally expressed traits of seed dormancy, germinability, 
germination and seedling emergence. Foxtails (Setaria species-group) are one of the worst 
weed groups interfering with U.S. and world agriculture and land management (Dekker 
2003, 2004), and therefore one of the world's most successful colonizing plants. Many 
weedy traits expressed over the course of their life histories contribute to their success. One 
important trait is the production and dispersal of heterogeneous seed. (Dekker & Hargrove, 
2002; Dekker et al., 1996). 
Heterogeneity of dormancy among seed from a single parent plant (heteroblasty) has 
been characterized in other plant species, usually by correlation with visible, morphological 
characters. For example, cocklebur (Xanthium pensylvanicum) has two different sized seeds 
per capsule, each with different germination requirements (Weaver & Lechowicz, 1983). 
Common lambsquarters (Chenopodium album) produces four types of seeds, two surface and 
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two color morphs, each with different germination requirements (Williams & Harper, 1965). 
Differences in velvetleaf (Abutilon theophrasti) seed weight are associated with different 
germination requirements (Baloch, DiTommaso & Watson, 2001). Wild oat (Avena fatua 
and A. ludoviviana) seeds developing on different parts of a spikelet have different 
germination requirements (Thurston, 1957). Systematic, quantitative characterization of 
heteroblasty among individuals within a locally adapted population, between local 
populations, and their relationship to subsequent life history behaviors has not been reported 
previously. 
What are the qualities that characterize weedy Setaria spp. seed heteroblasty? An 
individual weedy Setaria spp. plant synflorescence produces seeds in any environment with 
continuously varying germination requirements (Dekker, et al., 1996; Harr, 1998). 
Heteroblasty is therefore a constitutively expressed genetic (or epigenetic) trait. The 
dormancy capacity of a seed refers to its dormancy state at abscission, as well as the amount 
of environmental signals (oxygen, water, heat) required to stimulate a change in state (e.g. 
after-ripening duration). This dormancy or germination capacity is based on the interaction 
of three morpho-physiological mechanisms within the Setaria seed: hull water oxygenation, 
transfer aleurone cell layer membrane diffusion and symplastic oxygen scavenging (Dekker, 
et al., 1996; Dekker & Hargrove, 2002; Sareini, 1970). The endogenous mechanism by 
which heteroblasty is induced during embryogenesis in Setaria arises from the differential 
genetic expression of those loci coding for the transfer aleurone cell layer and oxygen-
scavenging protein in the seed symplast (Dekker & Hargrove, 2002; Rost & Lersten, 1970; 
Sareini, 2002). Thus germination capacity is an inherent quality of a Setaria seed which is 
retained for its entire life. 
The heteroblastic composition induced in an individual cohort of seeds is modulated 
by parental plant architecture and the environment during ca. 12 day embryo genie period. 
The primary exogenous influence is the light microenvironment around the individual 
maturing seed and the decreasing photoperiod during the seed rain period (e.g. northern 
hemisphere, August-November) (Dekker, et al., 1996). Heterogeneous seed capacities are 
expressed in all synflorescences regardless of light environment, but the ambient conditions 
determine the specific array produced. The array of dormancy capacities produced is also a 
function of the seed's position within the parent plant's architecture: the tiller on which the 
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synflorescence resides, and the fascicle and spikelet in the synflorescence on which the 
individual seed resides. Thus, earlier fertilized seeds produced on Setaria primary 
synflorescences (typically August in the Midwest U.S.) are relatively more dormant than 
those from secondary synflorescences (ca. September), which are more dormant than seed on 
tertiary and subsequent synflorescences (ca. October). (Dekker, 2003). Hence, individual 
Setaria plant populations are most accurately defined as a unique combination of species, 
parent plant location and time of abscission (seasonal Julian week (JW) and year). 
Heteroblasty inevitably leads to formation of long-lived seed pools in the soil. A 
general model for the dynamics of this seed pool can be seen in figure 1. A seed pool begins 
with heterogeneous dormant seed dispersed into the soil from local or distant plants. The 
seed can remain dormant in the soil, after-ripen, germinate, emerge as a seedling, or die. A 
dormancy phenotype cohort is a group of seedlings with same or similar seasonal time of 
emergence. The seasonal emergence of seedlings is the first step in the formation of an 
agricultural plant community and its population structure. Weedy Setaria population genetic 
structure is characterized by low to exceedingly low amounts of total genetic variation, 
unusually low intra-population genetic diversity, and unusually high genetic diversity 
between local populations (Wang et al., 1995), compared to an average plant species 
(Hammerick & Gott, 1990). These traits result spatially in local populations that are 
unusually homogeneous, typically consisting of a single multi-locus genotype. These 
observations indicate a strong tendency for local adaptation by populations of a single 
genotype, especially S. faberii which globally is nearly identical genetically. 
Why is there heterogeneity in dormancy states among seeds shed from an individual 
parent? Heteroblastic seed may allow individuals to take advantage of a greater diversity of 
recruitment opportunities in the variable habitats it invades and occupies. Not all seasonal 
opportunities are equally advantageous. Early emerging plants have the greatest potential for 
seed production, but the greatest risk of mortality. Late emerging plants may avoid early 
mortality, but experience more competition from the crop and neighbors and have less time 
to produce seed. Thus the timing of germination and emergence is crucial to subsequent life 
history behaviors. There is no single best time to germinate, so emergence by individuals at 
several times in a season may result in improved chances of reproductive success for the 
population in a locality when confronted with an uncertain future. 
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Is the frequency distribution of this heterogeneity in germination requirements 
random or does it have some adaptive value for a colonizing species like the weedy Setaria 
species-group? If, in the long run, the overall risk associated with any germination 
opportunity is about equal, then the distribution is most likely to be random. Conversely, if 
the distribution is not random, its role may be of adaptive value as a hedge-bet strategy for 
the risks and conditions a seed will encounter in its life history. 
Seedling recruitment strategies have been studied in both newly disturbed patches in 
established communities and unoccupied annually cropped agricultural fields. Thompson 
and Grime (1979) described four types of seed banks based on the seasonal changes in the 
number of dormant and fully after-ripened (ready to germinate) seed pools. The four patterns 
presented were general and qualitative, characterized by only two flushes per year. They 
differed only in the time and duration of the flushes. Chambers (1995) studied the life 
history strategies of different alpine species and how that affected their response to different 
types of disturbance. Again, the model was very general, assuming a single, simplified 
strategy for each species, then relating the strategy to the community structure on disturbed 
sites. Rogers and Harnet (2001) studied recruitment strategies of tallgrass prairie plants 
revegetating simulated pocket gopher mounds. They also considered only broad, general 
strategies (e.g. seed germination, vegetative regrowth, etc.). Forcella et al. (1992, 1997) 
studied seedbanks and emergence patterns of Setaria spp. and other common weed species in 
agricultural fields within the U.S. corn belt. Soil cores and/or emergence numbers were 
obtained only 3-4 times during a growing season and there was considerable variability 
around the simple one or two parameter curves used to model the patterns. In general, these 
studies have used simplified, qualitative models that do not characterize heteroblastic 
variation within a species, ascertain precise estimates of seedling emergence timing within a 
season, or link dormancy and recruitment. 
The relationship between seed dormancy capacity and subsequent behaviors has not 
been previously demonstrated. Metaphorically, Trewavas (1987) has compared seed 
dormancy qualitatively to the memory of successful past recruitment times. It has been 
conjectured that the three Setaria seed dormancy mechanisms acting together may be an 
expression of an explicit, literal, memory (Dekker, Luschei & Buhler, 1999). A fundamental 
question in plant seed biology concerns the ecological role of seed dormancy and the 
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quantitative relationship between heteroblasty and recruitment timing: does dormancy confer 
on the seed the inherent ability to control its subsequent behavior? 
If heteroblasty does have an adaptive, nonrandom role, what is the appropriate 
experimental approach to provide strong inferences of the relationship between it and 
subsequent behaviors in the soil? Past soil seed pool studies have relied on population-based 
models (e.g. Bekker, et al, 2000; Hoffman, Owen & Buhler, 1998; Roberts & Nielson, 1981; 
Williams & Harvey, 2002). Experimentally, they have described seed pool behaviors in 
terms of number of seeds per unit area, vertical distribution, percent loss, species diversity, 
species richness, etc. These summary statistics obscure the individual behavioral patterns 
which underlie the population means, thus obscuring any relationship between the individual 
phenotype and its subsequent behavior. Population-based models are appropriate for 
quantifying differences among groups, but individually-based models are necessary to 
determine inferences of the relationship between heteroblasty and subsequent behavior. 
Therefore, the hypothesis for this series of articles is that heterogeneous germination 
requirements among weedy Setaria seed at abscission are a determinant of the subsequent 
behaviors of those individuals in the soil, including seedling recruitment timing. If 
heteroblasty can be quantified at abscission, can an empirical relationship between dormancy 
state at abscission and subsequent behaviors in the seed pool be shown demonstrating it has 
an adaptive, nonrandom role? If so, the relationship between heteroblasty and subsequent 
behaviors may provide the hedge-bet structure of seedling emergence timing. That is, 
heteroblasty is the "blueprint" for seedling recruitment. The heteroblastic differences among 
individuals of a specific population can be compared with other populations to reveal 
heterogeneous local adaptation across the landscape. These dormancy differences will be 
echoed in the pattern of seedling emergence, and evolve over time in their interaction with 
the changing environment. 
The experimental goal for this first paper is to quantify the heterogeneity in 
germination capacity among Setaria populations at abscission. Thus seed was gathered from 
Setaria populations that differed primarily in the species, location, year and seasonal time of 
collection to determine how these factors were related to germination capacity. The 
germination capacity of a group of individual seeds can be determined by subjecting them to 
increasing durations of after-ripening signals and comparing differences in percent 
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germination among populations. If there is local adaptation, each population will have a 
unique germination response to increasing after-ripening. But are there general patterns 
among locally adapted populations? To examine this possibility, populations were grouped 
on the basis of their germination capacity. 
This paper characterizes the seed dormancy heterogeneity at abscission which is input 
into the soil. It is the first in a series of three papers on the dynamics of weedy Setaria soil 
seed pools. The second and third papers will examine seed in the soil and seedling 
emergence. 
Materials and Methods 
Experimental 
Setaria Populations. For this study, a Setaria population was defined to be a specific 
combination of Setaria species, location, and seasonal time of abscission (Table 1). Seeds 
collected from the same location but at different seasonal times were treated as samples from 
different populations rather than repeated measures of the same population. The sampled 
populations consisted of individual seeds, not the parent plants from which they were 
derived. Seeds developing early in the season differ from those developing later in the 
season due to the strong influence of photoperiod (Dekker, 2004; Dekker et al, 1996). 
Species. This paper focuses primarily on heterogeneity among giant foxtail (S. faberii) 
populations. In addition, green (5. viridis) and yellow foxtail (S. pumila) seeds were 
gathered from the Curtiss Farm in 1998 and 1999 to provide an initial assessment of 
differences between Setaria species. 
Locations. Two spatial criteria were used to select locations from which S. faberii seeds 
were collected. The primary criteria restricted populations to a local area around Ames, LA. 
Locations were all within 0°4'77" latitude and 0°4'5" longitude of each other (table 1). Most 
(Johnson, Curtiss, Oakwood, Wessex and Whiteoak) were less than 3km from each other. 
The geographic range was restricted to allow characterization of a localized population 
phenotypic (heteroblastic) structure. A second criteria, used in 1999, was to collect from two 
distant locations in Iowa (near Crawfordsville, about 194km from Ames) to gain some initial 
perspective on regional variation. To assess a third consideration of lesser importance, the 
role of light and photoperiod, S. faberii seed was collected from two sites, full sunlight and 
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shaded, in the Wessex location early and late in the 1998 season. Seeds designated "shade" 
were collected from a site immediately north of a row of mature maple (Acer sp.) on the 
south edge of a field which receives full sunlight only in the morning and late afternoon. 
Shaded plants were visually less vigorous than those in full sunlight. Light levels were not 
systematically quantified, but the responses of the seed from these plants were obtained to 
advise future hypotheses about the role of light in dormancy induction (e.g., Dekker, 2003). 
All seed were gathered from almost pure Setaria monocultures, with special care taken to 
ensure no contamination from non-target Setaria species occurred. When seed was collected 
from the same site in different years the site was protected from human interference. 
Seasonal time of abscission. Setaria seed development occurs continuously from July 
through November (Julian week (JW) 26-48) depending on environmental conditions. To 
evaluate the effects of time of abscission during this seed rain period, seed was collected at 
discrete intervals roughly corresponding to August (early; JW 31-35), September (middle; 
JW 35-39) and October (late; JW 40-44) (table 1). Our Julian week calendar assumes 29 
days for every February. 
Seed collection and preparation. The following standard procedures were repeated each 
year to supply genetically pure, mature, high quality seed for experimentation. 
Seed collection. At the collection site, individual plants with mature synflorescences were 
identified by species. The seed heads were tapped against the wall of an empty plastic 
dishpan to dislodge the ripe seed. Ambient wind conditions in the field dislodge and disperse 
seeds from the parent plant soon after abscission (e.g., 0-5 days; Dekker et al., 1996). As 
such, the seed collected in these studies were recently abscissed and represent the seed rain of 
that Julian week. 
Seed preparation. Seed lots were dried separately on #16 (1.18 mm mesh openings) and or 
#18 (1.00 mm openings) soil separation sieves (Seedburo Equipment Co., Chicago, IL, 
60607) to allow adequate airflow around the seed while preventing any accidental mixing of 
different seed lots. Seed lots were dried at room temperature (20° C) and ambient humidity 
for three to four days, stirred once per day. Once dry, the seeds were cleaned using a seed 
blower (Seedburo Equipment Co., Chicago, IL, 60607). This treatment removed any foreign 
particles leaving only hard, dark, mature seeds. The majority of these seeds were then used 
12 
for dormancy and emergence experiments. A small portion of the seeds were placed into 
long-term storage at -20° C. 
After-Ripening Germination Assays. Primary dormancy can be experimentally determined 
by exposing freshly abscised seeds to after-ripening (AR) conditions for various time 
intervals, then removing them to conditions optimal for germination. After-ripening 
germination assays were conducted in 1998 and 1999 on seed collected in 1997-1999. Seeds 
collected in 1998 and 1999 were evaluated immediately after harvesting and processing. 
Seeds collected 1997 were stored at -20° C, then removed from those conditions and tested 
at the same time as the 1998 populations. Past experience indicates storage for one year at -
20° C results in some low levels of after-ripening, but it is a small effect that does not change 
the relative differences between stored populations (Thomhill, 1997). This storage is an 
artifact to be considered in interpreting the results obtained from 1997 in subsequent 
dormancy and emergence experiments. 
After-ripening environmental conditions. The general procedure for both years was as 
follows. A 60x15 mm glass culture Petri dish (Fisher Scientific Company, Pittsburgh, PA, 
15275) was labeled with the seed lot number and treatment. Two disks of Anchor Blue 
germination blotter paper (Anchor Paper Co., St. Paul, MN, 55101), 51mm in diameter, were 
placed in the dish completely covering the bottom. Immediately prior to sealing the dishes, 2 
ml (1998), or 3ml (1999) of distilled, de-ionized water was placed in the dishes along with 20 
dry Setaria seeds. The seeds were placed in a 5 x 4 grid on the germination paper to 
facilitate data collection. After arranging the seed, the dishes were immediately sealed by 
double-wrapping with Parafilm "M" ® (American National Can, Chicago, IL, 60631) to 
prevent water loss. Five replicates (Petri dishes) of each treatment were then double-
wrapped with aluminum foil to ensure complete exclusion of light, and then placed in 
constant 4° C after-ripening conditions. In 1998, six treatments of 0-11 weeks of after-
ripening (0, 14, 35, 49, 63, 77 days) were used. In 1999, 16 after-ripening treatments of 0-
6.5 weeks (0, 3, 6, 9, 12, 15, 18, 21, 24, 27, 30, 33, 36, 39, 42, 45 days) were used. 
Seed germination evaluation. After the specified after-ripening period the aluminum foil was 
removed, and the Petri dishes were placed into a controlled environment seed germination 
cabinet (Model SG-30, Hoffman Manufacturing, Inc., Albany, OR, 97321) for eight days. 
The daily conditions in the germination chamber alternated between 16 hours of light at 30° 
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C followed by 8 hours of darkness at 20°C. After eight days each dish was removed, opened, 
and evaluated for germination percentage. A seed was considered germinated if the 
coleorhiza and/or coleoptile protruded outside the seed hull. 
Analysis 
The focus of this study was to quantify the heterogeneity in germination capacity 
among Setaria populations which differ primarily in the year, location, and seasonal time of 
seed collection. Secondary factors included light (in 1998) and Setaria species. The effect 
of increasing after-ripening duration on percent seed germination was used to estimate the 
cumulative distribution of germination capacity within each individual population. 
Subsequent analysis was conducted to determine if there were general patterns of seed 
germination among populations in response to after-ripening duration. 
Germination capacity heterogeneity of individual populations. 
Heterogeneity between years. The results from each year (1997, 1998, 1999) were analyzed 
separately because the locations and Julian weeks during which seeds were collected in 1997, 
1998 and 1999 differed, though there was some overlap. Also, the after-ripening durations 
differed in the assays conducted in 1998 and 1999. Thus seed germination capacity of 1997, 
1998 and 1999 populations could not be formally compared, except within two small subsets 
of the data. First, Curtiss in JW 36 was common to both 1997 and 1998. Percent 
germination from these two populations was analyzed using year, after-ripening duration, 
and their interaction as factors. Second, four populations (Hinds, Whiteoak in JW 32, 34) 
were common to both 1998 and 1999, and three after-ripening durations (1998:14, 35, 49 
days; 1999:15, 36, 45 days) were similar. Percent germination from this subset was analyzed 
using ANOVA with year, location, seasonal time of abscission, after-ripening duration and 
their interactions as factors. The effect of year was tested using replication, plus the 
interaction of replication and year, as the error term. All other factors and interactions were 
tested using the residual error. The balanced design and residual plots indicated ANOVA 
was appropriate for these data. Separate analyses were then conducted for each of the three 
after-ripening durations. 
Heterogeneity within years. Percent germination of populations collected within a year 
(1997, 1998, 1999) were analyzed separately using ANOVA with duration of after-ripening, 
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population (a combination of species, location, and seasonal time of abscission), and their 
interactions as factors. Percent germination from each after-ripening duration longer than 3 
days was then analyzed separately (using one-way ANOVA), which allowed testing of mean 
separation using Tukey's multiple comparison tests. Data from 0 and 3 days of after-
ripening were not analyzed as they consisted mostly of zeros and were thus not appropriate 
for ANOVA as indicated by their residual plots. Data from 6-77 days of after-ripening was 
appropriate for ANOVA as indicated by the balanced design, residual plots and the large 
number of seeds used (5 replications of 20 seeds for each of the 45 populations). 
Heterogeneity within an after-ripening duration. The percent germination least squares means 
(LSmeans) for all populations within an after-ripening duration were compared using 
Tukey's multiple comparison tests. The relationship between germination and seasonal time 
of abscission was investigated using contrasts comparing seed collected during the early (JW 
32), middle (JW36), and late (JW40-42) periods of the seed rain. Only those locations that 
had seed collected at all three times were included in these contrasts to avoid bias from 
location differences. 
General patterns in germination capacity. Patterns in population phenotypic structure of 
the Setaria seed evaluated herein were revealed at two, hierarchically linked levels of 
community organization: responses within individual populations to after-ripening duration, 
and among populations across a varying landscape (local to regional). If general patterns 
exist, grouping individual populations with similar responses to after-ripening duration will 
provide a model of the population phenotypic structure at both levels. To accomplish this 
grouping, a clustering method was developed which began with ranking populations into 
groups within an after-ripening duration, then combined the results across durations to create 
a population grouping independent of after-ripening duration. Additionally, patterns among 
populations were utilized to link dormancy capacity and subsequent seedling emergence 
(Jovaag, Dekker & Atchison 2006b). 
Grouping of populations with similar phenotypic structures. A three part clustering method 
was developed to group populations. The first part, intra-AR grouping, ranked the 
populations into three groups based on the germination LSmeans within each after-ripening 
duration. The second part consisted of totaling each population's intra-AR rank numbers 
across durations. The third part, inter-AR grouping, was contingent on the intra-AR rank 
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totals and created the final population grouping which was independent of after-ripening 
duration. 
Step 1: Rank populations within an after-ripening duration (Intra-AR groups). Within each 
after-ripening duration, populations were ranked into three groups based on the Tukey 
comparison of their LSmean germination. Group 1 contains the most dormant populations, 
that is, those populations whose mean germination was not significantly different from the 
lowest LSmean. Group 2 contains those populations with germination significantly greater 
than the lowest LSmean, but significantly less than the highest LSmean. Group 3 contains 
the least dormant populations, that is, those populations with germination not significantly 
different than the highest LSmean. 
Step 2: Total rank numbers across durations (Intra-AR totals). Intra-AR rank totals were 
obtained for each population by summing the group rank numbers from each duration. For 
example, if a 1998 population was in the most dormant group (group 1) for all 5 durations its 
total would be 5 (1+1+1+1+1), and if a 1999 population was in the least dormant group 
(group 3) for all 14 durations its total would be 42 (3+3+3+...). 
Step 3: Cluster populations based on initial germination and intra-AR totals (Inter-AR 
groups). Two sequential criteria were used to create the inter-AR groups (table 2). In the 
first, populations were grouped based on the presence or absence of initial germination at the 
shortest after-ripening durations (0 days in 1998, 0 and 3 days in 1999; table 2, right columns 
1 & 2). In the second, these groups were subsequently divided based on the intra-AR rank 
totals for each population (table 2, column 3). In 1998, the intra-AR rank totals were 5-15. 
Thus the initial groups were divided into low germinability (5-10) and high germinability 
(11-15) subgroups (table 2, column 4)). In 1999, the intra-AR rank totals were 14-42, 
yielding low (14-28) and high (29-42) subgroups. The subgroups which contained at least 
one population were also given a final inter-AR group number (1-3, 1998; 1-4 1999; table 2, 
column 5). Finally, to reveal general patterns, the average percent germination within each 
after-ripening duration was calculated for each inter-AR group. The resulting curves were 
then smoothed using a degree three B-spline with two knots. Curves defined by the 
germination of individual populations were also smoothed to provide a schematic diagram of 
the relationship between after-ripening and germination. 
16 
The effectiveness of this clustering procedure was examined by simulating a dataset 
so that the actual inter-AR group of each population was known, then subjecting it to the 
clustering procedure to determine the proportion of populations that were correctly classified. 
To simulate the dataset, ten binomial random samples of size 100 were obtained using each 
average percent germination of the inter-AR groups (from the actual data). The proportion of 
successes from each of those samples was then used to obtain 5 binomial random samples of 
size 20. This resulted in a simulated dataset representing 5 replications of 20 seeds from 10 
populations for each inter-AR group. 
Results 
Germination heterogeneity between years. Comparisons of S. faberii germination 
responses between years were made with the few populations (locations, Julian weeks) 
common to 1997-1998 and 1998-1999 seed. The germination response of 1997 and 1998 
seed collected in the same location (Curtiss) and seasonal time (JW 36) depended on after-
ripening (AR) duration (year*duration p-value=.0012). In general, germination of 1997 seed 
tended to be greater than the 1998 seed at 35 days of AR, but the 1998 seed was more 
germinable with longer AR durations (49 and 77 days of AR). Germination of 1997 and 
1998 seed was similar at 14 and 63 days of AR (table 3). The germination response of the 
1998 and 1999 seed collected in the same locations (Hinds and Whiteoak) and seasonal times 
(JW 32 and 36) depended on location, JW, and AR duration (year*location*JW*duration 
pc.0001). In general, 1998 seed was more germinable than 1999 seed for three populations 
(Hinds JW32 and JW36, Whiteoak JW36) with AR durations of 35-36 and 45-49 days. 
Germination of 1998 and 1999 seed was similar for all four populations at 14-15 days of AR, 
and for the Whiteoak JW32 population at all AR durations (table 4). 
Germination heterogeneity within years. In all three years, AR duration stimulated seed 
germination (anova p-values <.0001). Generally, longer AR durations had higher 
germination than shorter durations (figures 2, 3, 4), but the effect of AR was not consistent 
for all populations (duration*population interactions, p<.0001). 
1997. The least germinable 1997 population for most AR durations was Oakwood JW34 
(097-34) (figure 2). The most germinable populations for all AR durations were 097-36 and 
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097-37, which were similar to each other. Germination of the Curtiss JW36 population 
(C97-36) was intermediate to 097-34 and 097-36/097-37. 
1998. Germination differed among 1998 populations at all AR durations (all pc.OOOl). The 
greatest range in germination occurred at 49 days AR when it varied from 0% for S. pumila 
to 98% germination for S. faberii from the shaded site in Wessex JW39 (table 5 and figure 
3). Germination ranking among S. faberii populations within a single AR duration changed 
between durations, though Whiteoak JW32 was often among the least germinable 
populations and Mortensen JW40 was often among the most germinable. 
Seasonal time of abscission. Generally, in 1998, S. faberii seed collected early in the season 
was more dormant than seed collected in the middle of the season, which in turn was more 
dormant than seed collected late in the season. Differences in germination between these 
seasonal periods were significant (ANOVA contrasts) in most, but not all, cases (table 6, 
top). The seed used for these contrasts was from the four locations (Curtiss, Hinds, Johnson, 
and Whiteoak) which had seed collected at a common time during all three periods (early, 
JW32; middle, JW36; late, JW 40). 
Species. S. pumila was the most dormant species among the populations tested (table 5). S. 
viridis germination tended to be in the middle range for S. faberii germination with shorter 
AR durations, and among the most germinable populations for longer durations. 
Light. The early (JW34) seed from shaded plants at Wessex was less germinable than that 
from the unshaded part of the same field after 35 or more days of after-ripening (table 5). 
This effect was not observed in later (JW39) seed which had similar germination for shade 
and full sun populations at all after-ripening durations (table 5). 
1999. Germination differed among 1999 populations at all AR durations (all p<.0001). The 
greatest range in germination occurred at 30 days of AR where average germination ranged 
from 0% for S. pumila to 82% for S. faberii at the SE Research Station JW40 (table 7 and 
figure 4). Germination ranking among S. faberii populations within a single AR duration 
changed between AR durations, though Hinds (JW32) was often among the least germinable 
populations and the SE Research Station (JW40) was often among the most germinable. 
Seasonal time of abscission. In 1999, the same 1998 seasonal pattern of increasing 
germinability was observed: S. faberii seed collected early in the season was more dormant 
than seed collected in the middle of the season, which in turn was more dormant than seed 
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collected late in the season. Differences in germination between these seasonal periods were 
significant (ANOVA contrasts) in most, but not all, cases (table 6, bottom). The seed used 
for these contrasts was from the four locations (Hinds, SE Research station sites 1&2, and 
Whiteoak) which had seed collected at a common time during all three periods (early, JW32; 
middle, JW36; late, JW 40). 
Species. S. pumila was always the most dormant species, having almost no germination. S. 
viridis germination tended to be in the middle range for S. faberii germination (table 7 and 
figure 4). 
Regional variation. Germination of the Crawfordsville populations was within the range of 
the Ames S. faberii populations (table 7) for shorter AR durations. With longer AR 
durations, the Crawfordsville populations, especially those from the latest seasonal collection 
dates (B99-40 and K99-40), were among the least dormant 1999 populations. 
General patterns in germination. 
Patterns in germination heterogeneity among populations were evaluated by ranking 
the populations into groups. Two types of groups were used: intra-AR groups (to examine 
patterns within a single AR duration), and inter-AR groups (to examine patterns across AR 
durations). The clustering procedure used to obtain these inter-AR groups was effective. For 
the simulated data, it correctly classified 80% (simulated 1998 data) to 93% (simulated 1999 
data) of the populations. 
Patterns within a single AR duration (Intra-AR Groups). Most of the 1998 populations were 
in the most dormant group (group 1) at 14 days of after-ripening. Increasing AR durations 
stimulated germination to a greater extent in many of these populations than in others so that 
by 49 days most of the populations were ranked in the least dormant group (group 3) (table 
8). This differential response to AR duration was less pronounced in the 1999 populations 
whose ranking changes less with increasing AR compared to the 1998 rankings (table 9). 
Patterns across AR durations (Inter-AR Groups). Three basic germination patterns in 
response to increasing after-ripening were revealed by inter-AR grouping. The first pattern 
was a rapid increase in germinability at the shorter durations then remaining steadily high at 
longer durations, the second was a relatively consistent increase in germinability as duration 
increased, and the third was little or no early germination but a rapid increase with longer 
durations. 
19 
1998. Generally, the mean germination for 1998 inter-AR groups 1 and 2 show a rapid 
increase at the shorter durations, then steady, high germination at the longer durations (figure 
5). The amount of germination was greater in group 1 than in group 2 at the shorter 
durations, then similar at the longer durations. Germination in group 3 increased at a 
relatively slower rate with increasing after-ripening duration compared to groups 1 and 2, and 
was also less germinable. 
1999. Generally, mean germination for 1999 inter-AR groups 1 and 2 showed a relatively 
constant increase for the first 36 days of AR, then remained steady with increasing after-
ripening duration (figure 5), but the amount of germination was higher in group 1 than in 
group 2 at all AR periods. Mean germination for the most dormant group (4), was very low 
at first, then began to increase with longer after-ripening durations. Group 3 contained only 
one population (Hinds JW36), but its pattern was different from the other groups, and thus is 
presented separately (table 9 and figure 5). Mean germination in group 3 started out lower 
than in groups 1 and 2, but had a greater rate of increase in germination in response to AR for 
the first 35 days of AR. 
The germination pattern for seasonal time of abscission (increasing germinability 
from early to late) was also observed in the 1998 and 1999 inter-AR groups, e.g., H99-
32/36/41. Populations collected late in the season tended to be in group 1 (the most 
germinable group for both years). Populations collected in the middle of the season tended to 
be in group 2 in 1998 and groups 2 or 3 in 1999. Populations collected early in the season 
tended to be in group 3 in 1998 or group 4 in 1999 (the least germinable groups). In all 
seasonal periods there were exceptions (tables 8 and 9). 
Discussion 
"...dines in seed polymorphism...may be a most sensitive indicator of 
evolution in weedy species." "...it is in properties such as seed number, seed 
size, seed polymorphisms, and precise germination requirements that the most 
sensitive reactions of a species to an alien environment are likely to occur." 
(Harper, 1965). 
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Characterizing Setaria seed dormancy polymorphisms, both within and between 
populations, and the phenotype space they occupy, are important steps in understanding 
precisely how a species responds directly to, and evolves over time within, its local 
environment. For Setaria, considerable heterogeneity in germination requirements existed 
among and within all populations tested. Year, seasonal time of abscission, location, species, 
and light all proved to be important factors influencing the germination heterogeneity 
structure of Setaria populations as revealed by after-ripening. These observed heteroblastic 
differences within and among populations revealed a fine scale adaptation to local space and 
time conditions. 
After-ripening duration 
Generally, germination increased with increasing after-ripening duration. The pattern 
of increasing germination with increasing AR durations contained more noise for the 1999 
populations than for the 1997 and 1998 populations because the AR durations were much 
closer together, thus the variability among seeds from a single population was more easily 
observed (figure 4). 
Year 
The observed differences between years (1997 seed more germinable than 1998 seed 
at short AR durations, 1997 seed less germinable than 1998 seed at longer AR durations, 
1998 seed more germinable than 1999 seed) were not surprising since differing conditions 
experienced during embryogenesis in different years stimulate different ranges of 
germination capacities (Dekker et al. 1996; Dekker 2003, 2004). However, only a limited 
amount of data was available to test these differences, so the results may not be 
representative of all populations. 
Seasonal Time of Abscission 
Earlier harvested seed was consistently less germinable than later harvested seed. 
This is consistent with earlier studies (Dekker, 2004; Dekker et al, 1996) suggesting the 
importance of photoperiod, which is longest while the early (JW32—August) seeds are 
developing, then decreases through the middle (JW36—September) and late (JW40— 
October) periods of the seed rain. 
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Location 
There were some regional differences (Ames versus Crawfordsville) in germination 
for the 1999 S. faberii populations. Crawfordsville populations tended to be among the most 
germinable populations at longer AR durations, but not at the shorter durations (e.g.. lines A-
C in figure 6). At the local field scale, within either Ames or Crawfordsville, there was no 
clear pattern to the observed differences in germinability among locations. Differences in the 
heteroblastic structure among locations within either region were complex and likely a 
consequence of numerous environmental, climatic and cropping system factors interacting at 
the micro-site scale. This complexity in heteroblasty among locations was not amenable to 
simple pattern differentiation. 
Species 
S. pumila was more dormant than the other populations and S. viridis was similar to S. 
faberii. These inferences were limited as only one population of S. pumila and S. viridis was 
studied in each of two years. 
Light 
Early (JW34) seed from shaded plants was less germinable than seed from unshaded 
plants, but this effect was not observed in later (JW39) seed. This inference is limited, 
however, as only one location in one year was studied. 
General Germination Patterns 
General patterns in heteroblastic structure were observed within and among 
populations ranked in intra- and inter-AR groupings that encompass the parameters above 
(year, seasonal time of abscission, location, species, light). Observed responses of seeds to 
after-ripening (e.g., figures 2, 3, 4) graphically represent the regions within which seeds did 
and did not germinate. Those regions can then be used to visualize the phenotype space 
within which these general patterns could be more readily characterized. A schematic 
diagram of this generalized phenotype space is given in figure 7. 
The most commonly occupied phenotype space occurred within the B1 and B2 
regions (figure 7). These regions defined a pattern of low (<10%) initial germination, then 
increasing germination with increasing AR, followed by a plateau at about 40-50 days of 
after-ripening when the germination response to added after-ripening was saturated (at 70-
100% germination). The majority of the 1998 populations occupied the B1 and B2 regions, 
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while most 1999 populations occurred only in the B2 region (figure 6, upper and lower left, 
solid lines). Thus the 1998 populations tended to have a more rapid response to increased 
after-ripening (10-40 day period) than the 1999 populations. However, there were four 
populations in 1999 (figure 6, lower left, lines A-D) that had a more rapid response to after-
ripening compared to the other 1999 populations, and were similar to the 1998 populations. 
Inter-AR groupings reveal the general trends in germination response to after-
ripening, although some detail is lost when the most common patterns are combined with 
those less frequently observed. These generalized inter-AR functions provide a 
comprehensive view of modal patterns within the heteroblastic phenotype space for all the S. 
faberii populations evaluated. Smoothed functions emphasized seed responded more quickly 
to after-ripening in 1998 than in 1999 (response of groups 1 and 2 in 1998 greater than 
groups 1 and 2 in 1999, respectively). The least germinable populations (group 3 in 1998, 
group 4 in 1999) had similar responses to after-ripening in both years (figure 6, upper and 
lower right). 
Other phenotype spaces, namely regions A (high initial germination, rapid response 
to after-ripening) and C (low or no initial germination, slow response to after-ripening) were 
less commonly occupied than the B1/B2 regions. The most notable example was the highly 
dormant S. pumila which occupied region C in both years. Phenotype region C in 1998 was 
also occupied by two S. faberii populations, X98-34-S (figure 6, top left, line 1) and W98-32 
(line 2), both with unusually high dormancy in the second half of their distributions. The 
early shaded population in 1998 (X98-34-S) had relatively greater dormancy than its 
counterpart in full sunlight (X98-34-L, table 5) emphasizing the crucial role the light 
microenvironment around the synflorescence plays in regulating heteroblasty induction, 
especially earlier in the seed rain period (Dekker, 2004; Dekker et al, 1996). This is 
consistent with observations of Tranel and Dekker (2002) where triazine résistent S. faberii, 
which had leaf and chloroplast changes similar to morphological changes in shade-adapted 
leaves of other species, was more dormant than the susceptible wild type. Phenotype region 
A in 1999 was occupied by two populations, H99-41 (figure 6, bottom left, line E) and W99-
42 (line F) with high germination in the beginning of their distributions (0-6 or 9 days AR, 
table 7). Region A also contains the ideal crop response (fully germinable with no after-
ripening needed, point D, figure 7). 
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These studies emphasize the crucial role that environment (year, season, light) at the 
time of seed formation and embryogenesis plays in the dormancy phenotype produced by 
plants in a locality. The location itself (soil properties, fertility, past management history, 
etc.), the 'terroir', can also influence the quality of plant phenotypes produced. The role of 
locality per se is apparent in the phenotypes produced at Whiteoak which occupied region C 
in 1998 (W98-32) and A in 1999 (W99-42). Whiteoak as a locality interacted with its local 
genotype(s) to produce phenotypes in these two atypical populations which accentuated the 
opposite trend in germinability for that year's climate. In a low dormancy year (1998), the 
early (typically the most dormant) cohort produced seed with unusually high dormancy. In a 
low germinability year (1999), the late (typically the most germinable) cohort produced seed 
with unusually high germinability. 
The germination patterns observed and dormancy phenotype space occupied, defined 
the heteroblastic hedge-bet structure at abscission. The B1/B2 regions were the most 
commonly occupied phenotype spaces, suggesting a population's "best bet" generally laid 
within this region. Variation among populations within this region indicated a fine scale 
adaptation to the local environment. Regions A and C were less commonly occupied, 
suggesting they were "long shots" at the edge of local adaptation. Populations may occupy 
these regions in response to shade (e.g., X98-34-S); locality, year and seasonal effects (e.g., 
Whiteoak); or genotype (e.g., S. pumila). What bets were realized from this heteroblasty, that 
is the subsequent seed fates including germination and emergence in the field, are revealed in 
the next two papers in this series (Jovaag, Dekker & Atchison, 2006a, b). 
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Figure 1. Schematic diagram of weedy Setaria spp. soil seed pool behavior based on the life 
history of the seed (seed states and processes (transitions between states)). Life history 
states: Dormant seeds, germinated seeds, seedlings, and dead seeds or seedlings. Life history 
processes: induction of dormancy and input (dispersal) of dormant seed at abscission (seed 
rain), after-ripening of dormant seed, seedling emergence, and death. 
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Table 1. Location (name, latitude, longitude) and nomenclature (lot no., population name) of 
Setaria spp. populations grouped by year of abscission and collection. 'Population names 
consist of 3-4 parts: a prefix letter designating the population location, a digits designating 
the collection year, the Julian week of abscission and collection, and an additional suffix if 
necessary. All locations were in Ames, IA, except S.E. Research Station, near 
Crawfordsville, LA; R was 100m west of Hinds (H) (see Methods and Materials). Suffix 
letters: all populations S. faberii except: -SP (5. pumila) or -SV (5. viridis)-, all populations 
from full sunlight except at Wessex Road: shade (-S) or full sunlight (-L) areas. 
Name 
Seed Collection Location 
Latitude Longitude 
Population Nomenclature 
Lot # Name1 
1997 
Curtiss Farm 
Oakwood Drive 
42°00'23"N 
42°01'83"N 
93°38'90"W 
93°36'54"W 
3728 
3732 
3733 
3734 
C97-36 
097-34 
097-36 
097-37 
1998 
Curtiss Farm 42°00'23"N 93°38'90"W 
Hinds Farm 
Johnson Farm 
Mortensen Road 
Wessex Road 
Whiteoak Drive 
42°03'65"N 93°36' 96"W 
41°58'88"N 93°38'49"W 
42°00'57"N 93°40' 59"W 
41°59'67"N 93°38'30"W 
41°59'75"N 93°38'90"W 
3740 
3746 
3754 
3759 
3755 
3739 
3744 
3747 
3752 
3738 
3749 
3751 
3745 
3750 
3743 
3742 
3758 
3757 
3741 
3748 
3753 
C98-32 
C98-36 
C98-40 
C98-39-SP 
C98-39-SV 
H98-32 
R98-34 
H 98-36 
H98-40 
J 98-32 
J 98-36 
J98-40 
M98-34 
M98-40 
X98-34-L 
X98-34-S 
X98-39-L 
X98-39-S 
W98-32 
W98-36 
W98-40 
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Table 1 (Continued) 
Seed Collection Location Population Nomenclature 
Name Latitude Longitude Lot # Name1 
1999 
Curtiss Farm 42°00'23"N 93°38'90"W 3769 C99-35 
3770 C99-38 
3771 C99-42 
3785 C99-38-SP 
3772 C99-38-SV 
Hinds Farm 42°03'65"N 93°36' 96"W 3773 H99-32 
3774 H 99-36 
3775 H99-41 
Johnson Farm 41°58'88"N 93°38'49"W 3776 J99-35 
3777 J99-38 
3778 J99-42 
S.E. Research 41°12'36"N 91°29' 73"W 3766 B99-32 
Station 3767 B99-36 
3768 B99-40 
S.E. Research 41°12'26"N 91 °29'68"W 3779 K99-32 
Station 3780 K99-36 
3781 K99-40 
Whiteoak Drive 41°59'75"N 93°38'90"W 3782 W99-32 
3783 W99-36 
3784 W99-42 
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Table 2. Initial, intermediate and final groups used in clustering populations with similar 
phenotypic structures, listed by year of abscission and collection. Initial groups (column 1) 
were determined by the presence (+) or absence (-) of germination after 0 days (1998) or 0-3 
days (1999) of after-ripening (AR). Intra-AR group totals (column 2) were determined by 
first ranking populations into 3 groups (based on least square mean (LSmean) germination) at 
each after-ripening duration, then summing the group values across durations (see materials 
and methods). These totals were used to divide the initial groups into high and low 
germination subgroups (column 3). Subgroups which contained at least one population were 
given a final inter-AR group number (column 4). 
Initial group: Intra-AR Final 
AR duration (days) Rank Germination Inter-AR 
0 3 total subgroup group 
1998: 
+ 
1999: 
+ + 
+ -
- + 
11-15 
5-10 
11-15 
5-10 
29-42 
14-28 
29-42 
14-28 
29-42 
14-28 
29-42 
14-28 
High 
Low 
High 
Low 
High 
Low 
High 
Low 
High 
Low 
High 
Low 
1 
None 
2 
3 
1 
2 
None 
None 
3 
None 
None 
4 
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Table 3. Comparison of 1997 and 1998 seed germination ('Percent seed germination, least 
square mean) with after-ripening (14-77 d) for the Curtiss Farm population collected in 
Julian week 36 (1997: C97-36, 1998: C98-36). Germination percentages within the same 
after-ripening duration with the same letter were not significantly different (probability>.05). 
Days of After-ripening1 
Population 14 35 49 63 77 
C97-36 17 A 62 A 62 B 62 A 58 B 
C98-36 12 A 44 B 78 A 73 A 78 A 
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Table 4. Comparison of 1998 and 1999 seed germination ('Percent seed germination, least 
square mean) with after-ripening (14-49 d) for the Hinds (H98, H99) and Whiteoak (W98, 
W99) populations collected in Julian weeks 32 and 36. Germination percentages within the 
same after-ripening duration with the same letter were not significantly different 
(probability>.05). 
After-ripening duration (days)1 
Population 14-15 35-36 45-49 
H98-32 1 C 41 B 90 A 
H 99-32 0 C 9 C 21 D 
H98-36 15 AB 85 A 90 A 
H99-36 22 A 48 B 51 B 
W98-32 1 C 20 C 41 BC 
W99-32 0 C 4 C 35 BCD 
W98-36 6 BC 52 B 77 A 
W99-36 6 BC 19 C 32 CD 
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After-ripening duration (days) 1 
Population 14 35 49 63 77 
C97-36 17 B 62 A 62 B 62 A 58 B 
097-34 10 B 33 B 30 C 27 B 39 B 
097-36 40 A 74 A 90 A 82 A 82 A 
097-37 53 A 75 A 77 A 70 A 81 A 
Figure 2. Germination ('percent seed germination, least square mean) of S. faberii seed 
populations collected in 1997 (97) and evaluated in 1998 versus after-ripening duration (top, 
figure; bottom, table). Populations: Curtiss farm (C97) and Oakwood drive (097) 
populations collected during Julian weeks 34 (097-34), 36 (C97-36; 097-36) and 37 (097-
37). Germination percentages within the same after-ripening duration in the table with the 
same letter were not significantly different (probability>.05). 
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Figure 3. Germination ('percent seed germination, least square mean) of Setaria seed 
populations collected and evaluated in 1998 versus after-ripening duration (d). Populations: 
Curtiss farm (C98), Hinds farm (H98), Johnson Farm (J98), and Whiteoak drive (W98) S. 
faberii populations collected during Julian weeks (JW) 32, 36, and 40, Mortenson road 
(M98), Wessex road full sun (X98-L) and Wessex road shade (X98-S) S. faberii populations 
collected in JW 34 and 39, and Hinds (R98) S. faberii, Curtiss S. pumila (C98-SP), and 
Curtiss S. viridis (C98-SV) populations collected in JW39. 
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Figure 4. Germination ('percent seed germination, least square mean) of Setaria seed 
populations collected and evaluated in 1999 versus after-ripening duration (d). Populations: 
S.E. Research station (B99, K99), Hinds farm (H99) and Whiteoak drive (W99) S. faberii 
populations collected during Julian weeks (JW) 32, 36, and 40-42, Curtiss (C99) and Johnson 
(J99) S. faberii populations collected in JW 35, 38, and 42, and Curtiss S. pumila (C99-SP), 
and Curtiss S. viridis (C99-SV) populations collected in JW38. 
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Table 5. Germination ('percent seed germination, least square mean (LSMean)) of Setaria 
spp. collected in 1998 with after-ripening (AR) duration (days). Populations (see Table 1 for 
full description) grouped by species, inter-AR group (see Methods & Materials, Analysis; 
Table 2), or shade: top, S. faberii inter-AR group 1; middle top, S. faberii inter-AR group 2; 
middle bottom, S. faberii inter-AR group 3; bottom, other species (S. pumila, S. viridis) and 
shade. LSMeans within the same AR duration with the same letter were not significantly 
different (Tukey's test, probability>.05). 
After-ripening duration (days)1 
Population 14 35 49 63 77 
Setaria faberii: Inter-AR Group 1 
C98-40 36 AB 92 A 90 AB 94 AB 93 AB 
X98-39-Light 30 ABC 93 A 97 A 92 ABC 94 AB 
H98-40 28 ABCD 79 ABCD 93 AB 85 ABCD 84 ABC 
W98-40 20 BCDE 80 ABCD 79 ABC 75 BCD 80 ABC 
M98-40 10 EF 81 ABC 85 ABC 97 A 97 A 
S. faberii: Inter-AR Group 2 
H98-36 15 CDEF 85 ABC 90 AB 86 ABCD 86 ABC 
J98-40 1 F 71 ABCDE 93 AB 86 ABCD 87 ABC 
J98-36 11 DEF 58 DEFG 91 AB 87 ABCD 87 ABC 
H98-32 1 F 41 GHI 90 AB 83 ABCD 90 ABC 
R98-34 0 F 69 BCDE 82 ABC 88 ABCD 88 ABC 
C98-36 12 DEF 44 FGH 78 ABC 73 CDE 78 ABC 
W98-36 6 EF 52 EFG 77 ABC 81 ABCD 71 C 
X98-34-Light 0 F 65 CDEF 67 C 92 ABC 95 AB 
S. faberif. Inter-AR Group 3 
M98-34 0 F 29 HIJ 73 BC 72 DE 76 BC 
J98-32 0 F 18 JK 75 BC 82 ABCD 88 ABC 
C98-32 0 F 9 JK 72 BC 88 ABCD 87 ABC 
W98-32 1 F 20 IJK 41 D 48 F 41 D 
Other species, Shade 
X98-39-Shade 42 A 89 AB 98 A 92 ABC 90 ABC 
C98-39-SV 13 CDEF 68 BCDE 80 ABC 88 ABCD 92 AB 
X98-34-Shade 0 F 14 JK 35 D 54 EF 70 C 
C98-39-SP 0 F 1 K 0 E 4 G 35 D 
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Table 6. Difference in S. faberii germination (percent germination, least square mean) 
among populations collected during the early (Julian week (JW) 32), middle (JW36) and late 
(JW40) seasonal periods of the seed rain in 1998 and 1999 with after-ripening (1998: 14-77 
days; 1999: 6-45 days). Populations used: 1998, Curtiss, Hinds, Johnson, and Whiteoak; 
1999, Hinds, SE Research station sites 1&2, and Whiteoak. !NS=no significant difference 
(ANOVA contrast, probability (p)>.05), *=.01<p<.05, **=.001<p<.01, ***=p<.001. 
1998 
After-ripening Duration (days)1 
Contrast 14 35 49 63 77 
Early - Middle -10.5*** -37.8*** -14.5*** -6.5* -4.0NS 
Early - Late -20.8*** -58.6*** -19.3*** -9.8** -9.5** 
Middle - Late -10.3*** -20.9*** -4.8NS -3.3NS -5.5NS 
1999 
After-ripening Duration (days)1 
Contrast 6 15 21 27 36 42 45 
Early - Middle CO
 §5
 
-9.3*** -13.4*** -16.8*** -23.8*** -20.8*** -15.3*** 
Early - Late -25.3*** -37.1*** -44.0*** -42.5*** -48.3*** -32.0*** 
00 c\i 
Middle - Late -23.5*** -27.9*** -30.6*** -25.8*** -24.4*** 
CO 
2.5ns 
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Table 7. Germination ('percent seed germination, least square mean) of Setaria spp. 
collected in 1999 with after-ripening (AR) duration (days). Populations (see Table 1 for full 
description) grouped by species and inter-AR group (see Methods & Materials, Analysis; 
Table 2): top, S. faberii inter-AR group 1; middle top, S. faberii inter-AR group 2; middle 
middle, S. faberii inter-AR group 3; middle bottom, S. faberii inter-AR group 4; bottom, 
other species (5. pumila, S. viridis). Means within the same AR duration with the same letter 
were not significantly different (Tukey's test, probability>.05). 
After-ripening Duration (days)1 
Population 6 9 12 15 18 21 24 
S. faberii: Inter-AR group 1 
B99-40 13 ODE 27 B 31 AB 47 A 46 A 55 A 66 A 
K99-40 19 BC 16 CDE 17 BCDE 26 B 41 AB 47 AB 57 A 
H99-41 41 A 46 A 45 A 52 A 45 A 59 A 53 AB 
J99-42 13 CD 19 C 27 BC 24 B 32 ABC 30 C 20 DE 
W99-42 28 AB 20 BCD 29 ABC 24 B 19 CDEF 23 CD 35 BCD 
S. faberii: Inter-AR group 2 
B99-36 2 DE OH 3 EF 6 CD 7DEFG 15 DEF 23 CDE 
C99-38 7 CDE 10EFG 7 DEF 11 BCD 11 DEFG 21 CDE 15 EF 
C99-42 13 ODE 11 DEF 13 CDEF 25 B 23 BCD 32 BC 22 CDE 
J99-38 2 DE 2 FGH 4 EF 3D 1 FG 3 F 0 F 
S. faberif. Inter-AR group 3 
H99-36 5 DE 10EFG 22 BCD 22 BC 20 CDE 35 BC 38 BC 
S. faberif. Inter-AR group 4 
B99-32 OE OH 2 EF 0 0 2 EFG 5 EF 8 EF 
K99-36 0 E 2 FGH 1 EF 3 D 5 DEFG 7 DEF 7 EF 
K99-32 OE OH 0 F 0D 0G 1 F 2 F 
W99-36 OE 1 GH 1 EF 6 CD 11 DEFG 5 EF 10 EF 
C99-35 OE OH OF 0 0 1 FG 5 EF 2 F 
W99-32 OE OH OF 0D 0G OF 2 F 
J99-35 1 E OH OF 00 0G 2 F 6 EF 
H99-32 OE OH OF 0 D 0G 2 F 5 EF 
Other Species 
C99-38-SV 6 CDE 4 EFG 5 EF 11 BCD 12 DEFG 7 DEF 16 EFG 
C99-38-SP 0 E 0G OF 0 D 0G OF 0G 
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Table 7 (Continued) 
After-ripening duration (days)1 
Population 27 30 33 36 39 42 45 
S. faberii: Inter-AR group 1 
B99-40 65 A 72 A 66 AB 70 AB 73 AB 78 A 65 AB 
K99-40 61 AB 82 A 76 A 81 A 77 A 67 AB 35 DEF 
H99-41 53 AB 48 BC 51 BCD 52 BCD 42 CDEF 49BCDEF 44 CDE 
J99-42 24 DEFG 29 CDEF 28 EF 32 DEF 32 EFGH 32 EFGH 60 ABC 
W99-42 27 DE 40 CD 37 CDE 45 CDE 45 CDE 43 CDEFG 0G 
S. faberii: Inter-AR group 2 
B99-36 34 CD 38 CDE 50 BCD 58 ABC 54 BC 56 ABCD 71 A 
C99-38 23 DEFGH 25 CDEFG 24 EFGH 32 DEFG 34 DEFGH 42 CDEFG 34 DEF 
C99-42 23 DEFGH 18 DEFGH 14 FGHI 25 EFGHI 25 FGH 18 HI 16 FG 
J99-38 5IJ 4GH 24 EFGH 28 DEFGH 32 DEFGH 30 EFGH 30 EF 
S. faberii: Inter-AR group 3 
H99-36 47 BC 64 AB 56 ABC 48 BCDE 49 CD 59 ABC 51 ABCD 
S. faberii: Inter-AR group 4 
B99-32 25 DEFG 19 DEFGH 30 DEFG 32 DEFG 39 CDEF 34 DEFGH 45 BCDE 
K99-36 11 FGHIJ 16EFGH 22 EFGH 26 EFGH 34 DEFGH 52 BCDE 70 A 
K99-32 1 J 2 GH 13 FGHI 10 GHI 25 FGH 32 EFGH 68 A 
W99-36 11 FGHIJ 10 FGH 16 EFGHI 19 FGHI 34 DEFGH 25 GH 33 DEF 
C99-35 15 EFGHIJ 7 GH 14 FGHI 16 FGHI 28 EFGH 26 FGH 22 F 
W99-32 1 J 5 GH 7 HI 4 HI 19 GHI 28 FGH 32 DEF 
J99-35 10 GHIJ 10 FGH 9 GHI 15 FGHI 19 GHI 28 FGH 22 F 
H99-32 9HIJ 7 GH 10 FGHI 9 GHI 16 HI 15 HI 21 F 
Other Species 
C99-38-SV 17 EFGHI 20 DEFGH 14 FGH 32 DEFG 36 BCDEF 28 FGH 32 DEF 
C99-38-SP 0 J OH OH 1 I 0 H 01 0G 
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Table 8. Initial, Intra-AR, and Inter-AR grouping for each of the 1998 S. faberii 
populations. Initial group: +=at least 1 seed germinated, - = no germination, Intra-AR group 
number: l=mean germination not significantly different from lowest mean germination, 
3=not significantly different from highest mean germination, 2=all the rest (those in 
between). Inter-AR group number: Subdivide initial group using intra-AR group number 
total: 5-10: Low germinability, 11-15: High germinability, and assign an inter-AR group 
number to each subgroup containing at least one population. 
Population Initial Intra-AR Inter-AR 
Group Group Number Group Number 
AR duration (days) AR duration (days) 
0 14 35 49 63 77 Total 
C98-40 + 3 3 3 3 3 15 1 
X98-39-L + 3 3 3 3 3 15 1 
H98-40 + 3 3 3 3 3 15 1 
W98-40 + 2 3 3 2 3 13 1 
M98-40 + 1 3 3 3 3 13 1 
H98-36 . 1 3 3 3 3 13 2 
J98-40 - 1 3 3 3 3 13 2 
J98-36 - 1 2 3 3 3 12 2 
H98-32 - 1 2 3 3 3 12 2 
R98-34 - 1 2 3 3 3 12 2 
C98-36 - 1 2 3 2 3 11 2 
W98-36 - 1 2 3 3 2 11 2 
X98-34-L - 1 2 2 3 3 11 2 
M98-34 - 1 2 2 2 2 9 3 
J98-32 - 1 1 2 3 3 10 3 
C98-32 - 1 1 2 3 3 10 3 
W98-32 - 1 1 1 1 1 5 3 
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Table 9. Initial, Intra-AR, and Inter-AR grouping of the 1999 S. faberii populations. Initial 
group: +=at least 1 seed germinated, - = no germination, Intra-AR group number: l=mean 
germination not significantly different from lowest mean germination, 3=not significantly 
different from highest mean germination, 2=all the rest (those in between). Inter-AR group 
number: Subdivide initial group using intra-AR group number total: 14-28: Low 
germinability, 29-42: High germinability, and assign an inter-AR group number to each 
subgroup containing at least one population. 
Initial Inter-AR 
Population Group Intra-AR Group Group 
AR duration (days) 
0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 Total 
B99-40 + + 1 2 3 3 3 3 3 3 3 3 3 3 3 3 39 1 
K99-40 + + 2 2 2 2 3 3 3 3 3 3 3 3 3 2 37 1 
H99-41 + + 3 3 3 3 3 3 3 3 2 2 2 2 2 2 36 1 
J99-42 + + 2 2 2 2 3 2 2 2 2 2 2 2 2 3 30 1 
W99-42 + + 3 2 3 2 2 2 2 2 2 2 2 2 2 1 29 1 
B99-36 + + 1 1 1 1 1 1 2 2 2 2 3 2 3 3 25 2 
C99-38 + + 1 2 1 1 1 2 1 2 2 2 2 2 2 2 23 2 
C99-42 + + 1 2 1 2 2 2 2 2 1 1 1 2 1 1 21 2 
J99-38 + + 1 1 1 1 1 1 1 1 1 2 2 2 2 2 19 2 
H99-36 - + 1 2 2 2 2 2 2 2 3 3 2 2 3 3 31 3 
B99-32 - . 1 1 1 1 1 1 1 2 1 2 2 2 2 2 20 4 
K99-36 - - 1 1 1 1 1 1 1 1 1 2 2 2 2 3 20 4 
K99-32 - - 1 1 1 1 1 1 1 1 1 1 1 2 2 3 18 4 
W99-36 - - 1 1 1 1 1 1 1 1 1 1 1 2 2 2 17 4 
C99-35 - - 1 1 1 1 1 1 1 1 1 1 1 2 2 2 17 4 
W99-32 - - 1 1 1 1 1 1 1 1 1 1 1 1 2 2 16 4 
J99-35 - - 1 1 1 1 1 1 1 1 1 1 1 1 2 2 16 4 
H99-32 - . 1 1 1 1 1 1 1 1 1 1 1 1 1 2 15 4 
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Figure 5. Germination (percent seed germination, least square mean) versus after-ripening 
(AR) duration (days) for the 1998 inter-AR groups (top left), 1999 inter-AR groups (top 
right), and 1999 Hinds farm populations (bottom). See tables 8 and 9 for the populations 
included in each inter-AR group. !x Group 1, • Group 2, O— Group 3. 2x 
Group 1, • Group 2, 0— Group 3, A Group 4. 3x JW41, • JW36, O— JW32. 
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Figure 6. Germination (percent seed germination, least square mean, smoothed curves) 
versus after-ripening (AR) duration (days) for all individual 1998 (top left) and 1999 
populations (bottom left), and for the 1998 (top right) and 1999 (bottom right) inter-AR 
groups (See tables 8 and 9 for populations included in each inter-AR group). Individual 
populations with unusual patterns are shown as dashed lines; 1: X98-34-S, 2: W98-32, 3: 
C98-38-SP, A: K99-40, B: B99-40, C: B99-36, D: H99-36, E: H99-41, F: W99-42, G: C99-
38-SP. Line numbers in the group plots are the inter-AR group numbers. Group 3, 1999, is 
not shown in the bottom right plot as it consists of a single population—H99-36, line D, 
lower left. 
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Figure 7. Schematic diagram of the hedge-bet structure within the heteroblasty phenotype 
space. A: High initial germinability, rapid germination response to after-ripening (AR). Bl: 
Low initial germinability, increasing germinability with increasing AR duration until a 
plateau of high germinability is reached. B2: Increasing germinability with increasing AR, 
but less overall germination than in Bl. C: Little or no early germinability, but some 
increase with long AR durations. D: "Perfect" crop response—all seeds immediately 
germinable. 
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CHAPTER 3: WEEDY SETARIA SPECIES-GROUP SEED HETEROBLASTY 
BLUEPRINTS SEEDLING RECRUITMENT: 
II. SEED BEHAVIOR IN THE SOIL 
A paper to be submitted to the Journal of Ecology 
Kari Jovaag, Jack Dekker and Brad Atchison 
Abstract 
The fate of heteroblastic Setaria faberii seed entering the soil post-abscission is 
elucidated. Introduction of S. faberii seeds with heterogeneous dormancy capacities into the 
soil inevitably results in the formation of long-lived pools with varying cycles of dormancy, 
germination and death. This autumnal seed rain of highly dormant seed after-ripens with 
time and becomes highly germinable, awaiting favorable temperature and moisture 
conditions: the heterogeneous germination candidate pool. As this pool is depleted in the 
spring and early summer by seedling emergence and death, dormancy is re-induced in the 
living seeds that remain in the soil. The seeds remain dormant throughout the summer, then 
resume after-ripening during late fall. This dormancy-germinability cycle exhibits 
complexity both within and among S. faberii populations. Seed heteroblasty within S. faberii 
populations was retained, and germinability responses to the yearly seasonal environment 
varied among S. faberii populations. Further, local adaptation was shown by the differential 
germinability responses among S. faberii populations in common location agricultural 
nurseries. Seed mortality patterns also exhibited complexity within and among populations. 
Within an individual S. faberii population, mortality patterns changed as seeds aged in the 
soil. Among S. faberii populations differential mortality responses were observed in 
response to yearly seasonal environments and common nurseries. Observations of both 
germinability cycling and mortality are consistent with the hypothesis that S. faberii seed 
behavior in the soil is predicated on dormancy capacity heterogeneity at abscission and 
modulated by the seasonal environmental conditions experienced in the field. These 
observations of seed fates were obtained from heterogeneous seeds of four S. faberii 
populations buried at two common nurseries using a "bare core" technique. Cores were 
extracted periodically to determine seed fates. Inevitably, the fates of a fraction of those 
seeds could not be determined and were thus classified as unknown. Despite the equivocal 
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nature of the unknowns they provided evidence that unaccounted seed losses were most 
likely not due to migration out of the core area. The lack of migration and high seed 
recovery (approximately 88.5%) emphasized the utility of the bare core technique in 
comparison to bounded seed-soil cores. 
Introduction 
Foxtails (Setaria species-group) are colonizing weeds that successfully interfere with 
world agriculture. One important trait contributing to their success is the production of seeds 
with heterogeneous germination requirements (heteroblasty), which leads to the formation of 
long-lived soil seed pools (Jovaag, Dekker & Atchison, 2006a). Once in the soil, the 
dormant seed can after-ripen, germinate, and emerge as a seedling, or die at any time. 
Setaria seed can also remain alive and dormant in the soil for many years (e.g., Bumside, et 
al, 1981). 
What environmental stimuli or signals drive these processes and cause seed states to 
change in soil seed pools? In the field the specific causes for changes in states are poorly 
understood, but controlled environment studies may provide clues. Setaria seed dormancy 
and germination capacity is controlled by three morpho-physiological mechanisms within the 
Setaria seed: hull water oxygenation, transfer aleurone cell layer membrane diffusion and 
symplastic oxygen scavenging (Dekker, et al., 1996; Dekker & Hargrove, 2002). These three 
mechanisms acting together modulate the amount of oxygen dissolved in water reaching the 
Setaria embryo over specific time periods (i.e. oxy-hydro-thermal-time; Dekker, Atchison & 
Jovaag, 2003). Dormancy is maintained until the embryo acquires enough oxygen and water 
to support germination metabolism, and encounters temperatures sufficient to stimulate 
germination (Dekker, 2003). For example, when conditions are cool and moist (e.g., spring), 
oxygen solubility is high, allowing seeds to after-ripen (obtain dissolved oxygen). Fully 
after-ripened seeds can then begin to germinate as temperatures increase. When conditions 
are warm and dry (e.g., summer), oxygen solubility is low and dormancy is maintained. 
Controlled environment studies allow the possibility that dormancy could be re-induced as 
seeds warm and dry, losing the effects of previous after-ripening. This dormancy re-
induction in Setaria seed has not been observed previously in any conditions. 
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The environmental signals driving seed mortality are also poorly understood. There 
is no expectation of density dependent mortality; each seed appears to act independently. 
There are many possible causes of density-independent mortality, such as prédation, rotting, 
physical damage, and insufficient resources/conditions once germination has begun, but the 
relative importance of each of these causes is not well understood. Is there a consistent 
seasonal pattern to seed mortality from any or all of these causes, or is it random? Surface 
prédation has been studied (e.g., S. faberii, Menalled et al, 2000), but little is known about 
mortality of buried seed. 
The purpose of this paper is not to study the signals driving the processes seeds 
undergo in the soil per se, but rather to determine the consequences of these signals and how 
they affect heteroblastic seed states over time in field soils. It is the second in a series of 
three papers on the dynamics of Setaria soil seed pools. The third paper examines seedling 
emergence. 
Given these states, processes and motivating environmental signals, what actually 
occurs to Setaria seed in field soils? One conjecture is that after-ripening during the winter 
will overcome any differences in dormancy capacity and thus by spring all seeds converge on 
a single, or much narrowed range of highly germinable seed which remains in this highly 
germinable state for days to years until it either germinates and is recruited as a seedling or 
dies. If this occurs, it raises the question of why heteroblasty is induced during 
embryogenesis only to loose dormancy heterogeneity once the seed enters the soil. An 
alternative hypothesis is that the dormancy capacity of an individual at abscission is an 
inherent quality of the seed that remains constant throughout its life. If this is the case, the 
germinability state of an individual will change with soil conditions over time, but the 
heterogeneity of the population will remain. 
The behavioral processes (e.g., after-ripening, dormancy re-induction) of an 
individual seed in the soil over time cannot be directly observed. Seed states (e.g., dormant, 
fully-after-ripened), however, can be observed. Therefore, to test our hypotheses, we 
observed changes in the relative frequencies of the different seed states over time in 
replicated soil cores. The processes leading to changes in state were then inferred from the 
observed changes in these frequencies. 
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Materials and Methods 
Experimental 
Setaria seed populations. Setaria faberii seed was gathered from four populations, two 
locations in 1997 (Curtiss Farm, Oakwood Drive) and two locations in 1998 (Curtiss Farm, 
Johnson Farm) (Table 1). Seed was gathered in the field from S. faberii monocultures, 
ensuring no contamination from non-target species occurred. Seed was collected in 
September, Julian weeks (JW) 36 and 37. Our Julian week calendar assumes 29 days for 
every February. At collection time, S. faberii synflorescences were tapped against the inside 
wall of an empty plastic dishpan to dislodge the ripe, recently abscised (e.g., 0-5 days; 
Dekker et al., 1996) seed. 
Seed preparation. Seed populations were dried separately in #16 (1.18mm mesh openings) 
and/or #18 (1.00mm mesh openings) soil separation sieves (Seedburo Equipment Co., 
Chicago, IL, 60607) to provide airflow around the seed. Seed lots were dried at room 
temperature (20° C) and ambient humidity for three to four days, stirred once per day. Once 
dry, hard, dark, mature seeds were separated from other plant material using a seed 
separation blower (Seedburo Equipment Co.). Six hundred seeds from each lot were counted 
manually (200 seeds per envelope) to provide three replications per treatment. A sub-sample 
of the envelopes were recounted to ensure accuracy. 
Seed burial. Seeds were buried in two common location, agricultural nurseries. Both 
nurseries were on the Iowa State University Agricultural Experiment Research Station, at 
Johnson Farm, Ames, and the Southeast Research Station near Crawfordsville, Iowa (table 
1). 
Field soil seedbank site preparation. The areas selected for this study had been previously 
maintained as turf grass (primarily bromegrass, Bromus sp.) for more than 12 years. Well in 
advance of burial, these areas were treated with a 3% solution of glyphosate (isopropylamine 
salt of N-(phosphomethyl) glycine; Roundup®) to kill the grass sod. After allowing time for 
the herbicide to work, the dead sod was tilled to a depth of about 20 cm using a rototiller. 
Time was allowed for continued decay of the sod and the area was tilled again. Finally, the 
soil was raked smooth and even for seedbed preparation. Soil cores were removed 
periodically in the experimental areas to confirm that no previous, contaminating S. faberii 
seeds were present. 
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Crop (soybean) rows were planted 96 cm apart. Individual S. faberii seed burial sites 
(soil cores) were located in the inter-row area. Burial sites were arranged in a completely 
randomized design using three replications. 
Burial procedure. At each burial site, three equidistant metal-staffed marker flags were used 
to define a 11cm diameter round "bare core" area. The core area was unbounded to ensure 
continuity with the adjacent soil matrix without the experimental artifacts confining 
structures introduce. A 7cm diameter, 10 cm deep (volume: 390 cm3), soil core was 
extracted from the center of the three flags. The soil was placed in a dishpan and thoroughly 
mixed with the 200 seeds from an envelope (seed density: 0.5 seeds/cm3). The soil was then 
carefully returned to the hole from which it was extracted. Seed burial occurred one to three 
weeks after the seed was harvested (table 1). 
Field management. No-till Roundup Ready® soybeans were planted each spring between the 
soil core rows, simulating normal stand density and row spacing and ensuring the seed-soil 
cores were undisturbed. Both chemical and manual weed control methods were used to keep 
the plots weed free. Soybeans were harvested by hand and threshed, then the residue was 
redistributed over the entire plot area. 
Seed and seedling recovery. Each week during the growing season, emerged seedlings in 
each core were counted, then severed at the soil surface and killed to prevent them from 
influencing subsequent germination and emergence. 
Soil Core Extraction. The volume of the extracted seed-soil cores (1140cm3; 11cm dia., 
12cm deep) was larger than that of the buried cores to ensure all buried seed were extracted. 
Three seed-soil cores (three replicates) were extracted every time a population was sampled. 
Core extraction for the burial year included 097-37 from Johnson farm at 2 and 22 days after 
burial (1997), and C98-36 and J98-36 from both nurseries 25-45 days after burial (1998). 
Core extraction for the first year after burial occurred about once a month from each 
population and nursery (Julian Weeks 17-46). Core extraction of 097-37 for the second year 
after burial occurred about once a month (1999 season). 
Seed and seedling extraction. Seedlings and debris were removed from the extracted soil 
cores. The remainder of the soil was placed on screens to dry overnight. The next day the 
dry soil was washed through a #6 (top, 3.35mm mesh openings) and #16 (bottom, 1.18mm 
mesh openings) screen set. The material caught on the #16 screen was placed in Petri dishes 
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with moistened filter paper, then examined under a microscope to separate intact (entire 
seeds with closed germination lids) S. faberii seeds, and seed pieces, from the remaining soil 
and debris. 
Seed fate assays. Procedurally, the fates of intact seeds were determined using a series of 
three assays. 
Forceps assay. Whole, intact seeds were first subjected to a forceps assay (Forcella, et al., 
2003). Seeds are probed with a fine tip forceps to determine if they were firm or soft. 
Seed germination assay. Firm intact seeds were then subjected to a germination assay. 
Seeds were placed in a 60x15 mm glass culture Petri dishes (Fisher Scientific Company, 
Pittsburgh, PA, 15275), 20 per dish, with two 51cm disks of Anchor Blue germination blotter 
paper (Anchor Paper Co., St. Paul, MN, 55101) and 2ml (1998) or 3ml (1999) of distilled, 
de-ionized water. The dishes were sealed with two layers of Parafilm "M"® (American 
National Can, Chicago, IL, 60631) to prevent water loss. The dishes were then placed in a 
controlled environment seed germination cabinet (Model SG-30, Hoffman Manufacturing, 
Inc., Albany, OR, 97321) for eight days. Daily conditions in the germination chamber 
alternated between 16 hours of light at 30° C followed by 8 hours of darkness at 20°C. After 
eight days seed in each dish was evaluated for germination. A seed was considered 
germinated if the coleorhiza and/or coleoptile protruded outside the seed hull (Dekker, et al., 
1996). 
Tetrazolium seed viability assay. Firm intact seeds which did not germinate during the 
germination assay were subjected to a tetrazolium (TZ) viability assay (Cottrell, 1947; 
Flemion and Poole, 1948). They were nearly bisected longitudinally with a scalpel, the 
halves flattened, and placed in small Petri dishes with enough 0.1% solution of distilled, de-
ionized water and 2,3,5-triphenyl-2//-tetrazolium chloride to cover the seeds. The dishes 
were sealed with two layers of Parafilm "M"® to prevent water loss, and one layer of 
aluminum foil to exclude light. The dishes were then placed in a 24°C germination cabinet 
for a minimum of 24 hours, and then examined to determine if they were viable (red or pink 
staining of the embryo) or not viable (unstained). 
Seed and Seedling fates. Ultimately, any seed in the soil seed bank will either germinate 
and become a seedling or die. However, at the time of seed-soil core extraction, a buried 
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seed could be in one of six observable states (fates): fully after-ripened seed, dormant seed, 
dead intact seed, emerged seedling, dead seedling, or unknown. 
Fully after-ripened seed. Seeds that germinated during the 8 day germination assay were 
classified as fully after-ripened seed. 
Dormant seed. Seeds that did not germinate, but were viable (TZ assay) were classified as 
dormant seed. 
Dead intact seed. Seeds that failed the forceps assay, and those that were not viable (TZ 
assay), were classified as dead intact seeds. 
Emerged seedling. Intact seedlings with green shoot tissue evident were classified as 
emerged seedlings. 
Dead seedling. Intact seedlings that were obviously dead or dying (brown or necrotic shoots 
and/or roots) were classified as dead seedlings, or "fatal germination". 
Unknown. The remainder of the seeds and seedlings were grouped as unknown. The 
unknown group consisted of non-recovered seed, and recovered seeds and seedlings whose 
fate was ambiguous. 
Non-recovered, seed. Non-recovered seed could have been a consequence of prédation, 
rotting, movement out of the core, or loss during the extraction process. 
Dead rotted seed. Near-entire seeds with open or missing germination lids, and seed pieces, 
were classified as dead rotted seed, but their fate was ambiguous as they could also have 
been the remains of germinated seed. 
Unemerged or broken seedlings. Intact seedlings with white or yellow shoot tissue were 
classified as healthy unemerged seedlings, but their fate was ambiguous as they could have 
either emerged or died in the soil had they not been extracted. The fate of broken seedlings 
was ambiguous as they could have been the remains of severed, emerged seedlings or dead 
seedlings. 
Analysis 
The goal for this paper was to determine how the relative frequencies of seed fates 
(fully after-ripened seed, dormant seed, dead intact seeds, dead seedlings, and unknown) 
change over time in the soil. Thus the analysis focused primarily on the first year after 
burial, for which there was monthly data from each population and nursery. Separate 
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analyses were conducted for the burial year, which had samples from only one or two times, 
and the second year after burial, which had data for a single population and nursery (097-37 
at Johnson). 
Unknown. The total numbers of seeds in the unknown category were analyzed using 
ANOVA. Three sub-groups (healthy unemerged seedlings, broken seedlings and dead rotted 
seed) were analyzed separately. 
Unknown total. 
Burial year. Seed recovery technique efficiency was estimated using the numbers of seeds in 
the unknown group from cores extracted during the burial year (1997 for 097-37; 1998 for 
C98-36 and J98). These numbers were analyzed using ANOVA with population, nursery 
and their interaction as factors. 
First year post-burial. The numbers of unknown seeds during the first year after burial 
(1998 season for 1997 populations, 1999 season for 1998 populations) were analyzed using 
ANOVA with year, populations within year, nurseries, seasonal time and their interactions as 
factors. Seasonal time was divided into four week periods beginning at JW 17 (JW groups; 
i.e. JW group 1=JW 17-20, JW group 2=JW21-24, etc.) because cores were extracted monthly 
for each population and nursery, but not all could be done during the same week because of 
time constraints. 
Second year post-burial. Unknown seeds during the second year after burial from 097-37 at 
Johnson nursery were analyzed using ANOVA with JW group as the only factor. 
Unknown sub-groups. Healthy unemerged seedlings, broken seedlings, and dead rotted seed 
from cores extracted during the first year after burial were analyzed separately using 
ANOVA with year, populations within year, nurseries, seasonal time and their interactions as 
factors. For each group, as mean numbers increased, variance also increased. Thus the 
square root of the seed numbers was analyzed in order to stabilize the variance. 
Fully after-ripened and dormant seed. The proportions of recovered, fully after-ripened 
live seed during the first year after burial (1998 for 1997 populations, 1999 for 1998 
populations) and the second year after burial (for 097-37) were modeled using three 
parameter Lorentzian functions where appropriate. Spring (JW 16-31) and Fall (JW32-46) 
periods were modeled separately. This model was chosen by first fitting numerous linear and 
nonlinear models to the data using the program Tablecurve (SYSTAT, Inc.), then examining 
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models with the best fits based on least squares. Models with five or more parameters were 
rejected because of the limited amount of data. The four parameter Lorentzian function fit 
well for both spring and fall data. Letting Y, represent the proportion of fully after-ripened 
seed in core j, and xy- represent the seasonal time (JW) at which the core was extracted, a 
regression using a four parameter Lorentzian response curve is, for y=l,...n: 
where ef ~ iidN(0,1) are independent error terms. This is a transition type model, 
appropriate for data bounded by 0 and 1, and its parameters were readily interprétable. The 
function's minimum (y), was interpreted as the minimum proportion of fully after-ripened 
seed. Estimates for y were all zero or slightly less than zero. Thus the form of the function 
without an intercept (i.e. set y=0) was used: 
where: Po=height of the function, interpreted as the maximum proportion of fully after-
ripened seeds 
^transition center, interpreted as the time (JW) at which the proportion of fully-
after-ripened seeds is Vz the maximum (parm (3q) 
p2=1/2 the transition width, interpreted as Vi the time (in JWs) required for a linear 
decrease from 75% to 25% of the maximum (parm (3o) in the spring; or linear 
increase from 25% to 75% in the fall. 
Estimates were obtained using proc nlin in SAS (SAS Institute, Inc.). Plots of the cube root 
squared studentized residuals (Carroll & Rupert, 1988) against the log of the predicted values 
indicated that the variance increased with predicted value in some instances. Thus, variances 
were modeled using a power of the mean model. The model then becomes: 
where f  ( X j , j 3 )  is the Lorentzian response function as in (1) and £j ~ iidN(0,1) as 
previously. Numerous comparisons among years, nurseries, and populations were desired. 
arctan 
y + f ( x j ,j3)+(7£j (1) 
arctan (2) 
(3) 
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This was conservatively done by comparing the Wald based approximate 95% confidence 
intervals of the parameters. 
Emerged seedlings. Emergence is presented herein as part of the overall seed recovery. 
However, a complete presentation of seedling emergence occurs in the third paper in this 
series (Jovaag, Dekker & Atchison, 2006b). 
Mortality. Known mortality (dead intact seeds and dead seedlings) during the first year after 
burial (1998 season for 1997 populations, 1999 season for 1998 populations) was analyzed 
using ANOVA with year, populations within year, nurseries, seasonal time (JW groups), and 
their interactions as factors. Mortality for 097-37 during the second year after burial (1999 
season) was analyzed using ANOVA with seasonal time (JW group) as the independent 
factor. Dead intact seeds and dead seedlings were analyzed separately with the same 
ANOVA structure as total mortality. As mean mortality within populations and JW groups 
increased, variability also increased. Thus the square roots of the mortality numbers were 
used in the analyses for total mortality, dead intact seeds, and dead seedlings to stabilize the 
variance. 
Results 
There were six observable fates for seeds from extracted cores: fully after-ripened 
seed, dormant seed, emerged seed, dead intact seed, dead seedling, and unknown. Generally, 
the fates of 50-90 percent of the buried seeds were known (figures 1 and 2). 
Living Seed Fates 
Fully-after-ripened and dormant seed. Generally, the proportion of recovered, fully-after-
ripened (AR) seeds was high in the spring, declined, and remained low throughout the 
summer, then increased again in the fall (figure 3). The proportions of AR seed in the spring 
(JW 16-31) and fall (JW32-46) periods were modeled separately. There were two primary 
reasons for this approach. First, the rate of decline in the number of fully-after-ripened seed 
during late spring/early summer and the rate of increase in the fall were not consistent. 
Modeling spring and fall separately allowed for specification with the minimum number of 
parameters. Second, no late fall (after JW42) data was available for the 1997 populations. 
Three parameter Lorentzian response functions (equation 3) were used to model the data 
where appropriate (figures 3-6). 
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Spring germinability. 80-100% of the seeds were fully after-ripened early in the spring of the 
first year after burial (figure 3, left). With time, the proportion declined as seed became 
dormant, emerged or died. 
Year. The maximum proportion of AR seeds (po) was lower during the 1998 season (1997 
populations, both nurseries; figure 4, top left) than during the 1999 season (1998 populations, 
both nurseries; figure 4, bottom left). The time at which the proportion of AR seeds was half 
its maximum (Pi) was similar between the two years, but the decline occurred more rapidly 
(Pa) during the 1998 season. 
Population. The maximum proportion of AR seeds (P0) was lower for C97-36 than for 
either of the 1998 populations in the 1999 season (Figure 5). The rate of decline in the 
proportion of AR seeds (p2) was slower for C98-36 than for C97-36 (in the 1998 season) or 
J98-36. The time at which the proportion of AR seed was half its maximum (PO was earlier 
for 097-37 than for any other population in either season. Additionally, the proportion of 
097-37 AR seed was half its maximum (PO earlier at Johnson than at Crawfordsville (figure 
6, top right and left). This was the only population and parameter for which a difference was 
found between the two nurseries. 
Second year post-burial. The proportion of AR seed in the spring of the second year after 
burial for 097-37 at Johnson (1999 season; figure 6, bottom) was not significantly different 
than that observed previously during the first year after burial (1998 season; figure 6, top 
right), primarily due to the larger variability in that second, 1999, season. 
Fall germinability. The proportion of AR seed increased during the fall of the 1999 season 
(figure 5, bottom right). No data was available after JW42 for either the first (1998 season, 
figure 5, top right) or second (1999 season, 097-37 only) year after burial for the 1997 
populations. 
Emerged seedlings. Emergence is crucial to the continuing life history of the seeds, and is 
reported herein (figures 1 and 2) primarily as part of the overall seed recovery. Cumulative 
emergence by the end of the first year after burial was similar between the two years (late 
1998 and 1999 seasons, p-value=.29). Seedling emergence is reported fully in the third paper 
in this series (Jovaag, Dekker & Atchison, 2006b). 
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Mortality 
Total mortality numbers are conservative estimates because they consist only of dead 
intact seeds and dead intact seedlings. Broken or rotted seeds and seedlings were included 
with unknown because their fate was ambiguous. 
Burial Year. Average total mortality was 7 (stdev=2.0; 3.5% of 200) for 097-37 during 
JW42 of the burial year (figure 1, bottom right). There was one dead C98-36 seed at 
Johnson. All other seeds were either live or unknown (figures 1 and 2). 
First year post-burial. 
Total mortality. Total mortality remained low (less than 10 of 200 seeds, 5%) throughout the 
1998 season. Mortality during the 1999 season was greater than in the 1998 season after JW 
group 2 (table 2). Total mortality was greater at Johnson than at Crawfordsville in the 1999 
season (table 3), but not in the 1998 season. Additionally, mortality of J98-36 was greater 
than that of C98-36 at Johnson during the 1999 season, but not at Crawfordsville (table 3). 
Dead intact seeds. There were few dead intact seeds in either year. However, there were 
more dead intact seeds in the 1999 season than in the 1998 season during JW group 5 (JW33-
36; table 2). Also, there were more dead intact seeds at Johnson than at Crawfordsville 
during the 1999 season (table 3). 
Dead seedlings. There were more dead seedlings during the 1999 season than during the 
1998 season after JW group 2 (table 2). There were more dead seedlings at Johnson than at 
Crawfordsville in the 1999 season (table 3), but not in the 1998 season. Additionally, C98-
36 had more dead seedlings than J98-36 at Johnson during the 1999 season (table 3). 
Second year post-burial. Total mortality of 097-37 at Johnson during the second year after 
burial (1999 season) was greater during JW groups 1-4 (JW 17-32) than during JW group 7 
(JW 41-44). Total mortality during JW group 1 (JW 17-20) was also greater than mortality 
during JW groups 5-6 (JW33-40). However, there was no correlation between JW group and 
either dead intact seeds or dead seedlings (p-values>.l 1). 
Unknown 
Seeds with unknown fate included recovered seeds and seedlings whose fate was 
ambiguous (e.g., pieces) as well as those that had died, rotted and disappeared. Other sources 
of error include seeds which may have migrated out of the extracted area and those lost 
during the extraction process. 
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Unknown Total. The number of seeds in the unknown category depended on the time since 
burial and, during the first year after burial, on population and nursery. 
Burial year. An average of 23 (se 2.4) seeds (11.5% of 200) were in the unknown category 
during the burial year (2-45 days after burial). There was no statistical difference in the total 
unknown among populations or burial nurseries (ANOVA p-values > .10). These early data 
provided an estimate of the number of seeds lost due to the extraction process alone, and are 
therefore the basis for the reference lines in figures 1 and 2. 
First year post-burial. The average number of unknown seeds was never more than 99 
(49.5%) during the first year after burial, but varied depending on population, nursery 
(nursery*population(year) p-value=.0046), and seasonal time (JW group, p-value=.0001). 
The effect of the JW group on the unknown total did not depend on population or nursery (p-
values of interactions with JW group >.09). 
Population and Nursery. Both 1998 populations at the Johnson nursery (1999 season) had 
fewer unknown seeds than the two 1997 populations at that nursery (1998 season, table 2). 
At Crawfordsville, C98-36 (1999 season) had fewer unknown seeds than the 1997 
populations at either nursery in the 1998 season. 097-37 at Johnson (1998 season) had more 
unknown seeds than 097-37 or C97-36 at the Crawfordsville nursery in that same 1998 
season. There was no difference in the unknown total among the 1998 populations at the two 
nurseries (1999 season). 
Seasonal time. The total number of unknown increased at the end (after JW37) of the first 
year after burial (1998 season) for the 1997 populations (p-values <.005, table 3). There was 
no association between seasonal time and the unknown total for the 1998 populations during 
the first year after burial (1999 season) (p-values>.42, table 3). 
Second year post-burial. An average of 87 (se 4.9) seeds (43.5%) were in the unknown 
category from 097-37 at the Johnson nursery during the second year after burial (1999). The 
unknown total did not depend on seasonal time (p-value=.10). Additionally, the unknown 
total in the 1999 season (second year post-burial) for 097-37 was similar to that of the last 
collection date in the 1998 season (first year post-burial) for this same population and nursery 
(p-value=.37). 
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Unknown sub-groups. The unknown fate included seeds classified as healthy unemerged 
seedlings (figure 7, top), broken seedlings (not shown) or dead rotted seed (figure 7, bottom). 
The number of seeds in each of these subgroups was never more than 30 (15%). 
Healthy unemerged seedlings. The number of healthy unemerged seedlings varied 
depending on year, nursery and seasonal time (JW group) during the first year post-burial 
(year*nursery*JWgroup p-value=.02; figure 7, top right and left). Additionally, there were 
some differences in the number of healthy unemerged seedlings between populations within 
a year, depending on the nursery (nursery*population(year) p-value=.03). 
Year. There were more healthy unemerged seedlings during the 1999 season than the 1998 
season for JWgroup 2 at Crawfordsville and JWgroups 3-5 at Johnson. 
Nursery. There were more healthy unemerged seedlings at Crawfordsville than at Johnson 
during JWgroup 2 in the 1998 season. There were fewer healthy unemerged seedlings at 
Crawfordsville than at Johnson during JWgroups 4 and 5 in the 1999 season. 
Seasonal time. On average, there were more healthy unemerged seedlings during JWgroups 
1-3 than 4-7, though this varied with year and nursery. 
Population. 097-37 had more healthy unemerged seedlings than C97-36 at Crawfordsville 
(p-value <0001) and C98-36 had more healthy unemerged seedlings than J98-36 at Johnson 
(p-value=.02). 
Broken seedlings. There were no statistical differences in the number of broken seedlings 
among year, nursery, JW group, population, or their interactions (p-values all > .13) 
Dead rotted seeds. The number of dead rotted (DR) seeds varied depending on year, nursery, 
and JW group during the first year after burial (year*nursery*JWgroup p-value=.006). 
Additionally, there were some differences in the number of DR seeds between populations 
within a year, depending on JW group (JWgroup*population(year) p-value=.006). 
Year. On average, there were more DR seeds in the 1999 season than in the 1998 season, but 
this varied depending on nursery and JW group. There were more DR seeds in the 1999 
season than in the 1998 season during JWgroups 3 and 7 at Johnson and JWgroup 4 at 
Crawfordsville. There were more DR seeds in the 1998 season than in the 1999 season 
during JWgroup 7 at Crawfordsville. 
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Nursery. There were more DR seeds at Johnson than at Crawfordsville during JWgroups 4-5 
in the 1998 season and JWgroups 1 and 5 in the 1999 season. There were fewer DR seeds at 
Johnson than at Crawfordsville during JWgroups 6-7 in the 1998 season. 
Seasonal time. On average, the number of DR seeds did not vary with JW group. 
Occasionally, the number if DR seeds for a specific year, farm, and JW group would be 
statistically higher or lower than at others, but there was no discernable pattern to these 
differences. 
Population. C97-36 had fewer DR seeds than 097-37 during JWgroups 1 and 6; C97-36 
had more DR seeds than 097-37 during JWgroup 7. C98-36 had more DR seeds than J98-36 
during JWgroup 3. 
Discussion 
S. faberii seeds enter the soil seed bank with heterogeneous dormancy capacities. 
While in the soil, seeds undergo changes and either remain alive (as dormant or fully after-
ripened seeds, or emerged seedlings) or die (figure 8). Of the live seeds in this study, most 
(80-100%) would germinate in ideal, controlled environmental, conditions by the spring of 
the first year after burial, but only a portion of those actually did germinate in the field 
(Jovaag, Dekker and Atchison, 2006b). Thus these fully after-ripened seeds may be 
considered germination candidates: seeds which are ready to germinate but await favorable 
conditions for germination in the field. Only a portion of these germination candidates 
actually germinated and emerged in the spring despite all experiencing very similar 
conditions. This observation provides evidence that the heterogeneous dormancy capacity 
among individual seeds remained, consistent with the hypothesis that dormancy capacity is 
an inherent quality of the seed and the heterogeneity of the population remains over time. 
The proportion of germination candidates declined to near 0% by early summer 
(JW31). Thus dormancy was re-induced in the seeds that remained alive in the soil (figure 
8). This dormancy re-induction occurred as temperatures warmed and moisture levels 
decreased during the late spring and early summer, after which most seeds would not 
germinate even if placed in ideal conditions. The germination candidate pool increased again 
in the fall of 1999, the only year with data available for that late in the season (post JW42). 
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These observations clearly indicate S. faberii seeds have an annual dormancy-
germinability cycle similar to that of the summer annual weeds reported by Baskin and 
Baskin (1985): high spring germinability, summer dormancy re-induction, higher fall 
germinability. Unlike that previous report, evidence is now provided that individual S. 
faberii seed populations retained heteroblastic qualities throughout this annual cycle, that 
cyclic responses to the yearly seasonal environment varied among populations, and that the 
germinability of an individual population became adapted to local conditions. The retention 
of heteroblasty within a population is evident in the variation of the proportions of candidate 
seeds within a single population and time (e.g., figure 6), and the heterogeneous decline in 
germinability (figures 3-6), from early spring to early summer. Germinability responses to 
yearly environmental conditions were also shown: the proportion of germination candidates 
in the spring was lower, and the decline in germinability occurred more rapidly, during the 
1998 season than the 1999 season. Further, local adaptation was evident in the differential 
germinability responses among S. faberii populations to the common nursery environments 
(i.e. a phenotype by environment interaction). This differential response occurred in both 
years: the decline in late spring germinability occurred more rapidly for J98-36 than C98-36 
during the 1999 season (figure 5, bottom), and the midpoint of the decline in germinability 
occurred sooner for 097-37 than for C97-36 during the 1998 season (figure 5, top). 
Mortality is one of the most experimentally intractable estimates to make when 
accounting for seed behavior in the soil. Dead S. faberii seeds can quickly rot and disappear 
from the soil, while others are removed by prédation. Seed and seedling pieces provide 
ambiguous results as it is difficult to determine from what individuals they came. However, 
clear, reliable estimates of mortality were provided by observations of the dead intact seeds 
and seedlings. These estimates provided evidence of differential mortality responses to the 
yearly seasonal environment, of mortality differences among populations, and that, within an 
individual S. faberii population, mortality patterns changed as seeds aged in the soil. The 
mortality response to the yearly seasonal environment was shown by the greater mortality 
during the 1999 season, mostly due to greater fatal germination in the 1999 season than in the 
1998 season. Heterogeneity of mortality among populations was indicated by the greater 
mortality of J98-36 than C98-36 at Johnson during the 1999 season (the location and year 
with the greatest overall mortality). Changes in mortality patterns with seed age were 
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evident for 097-37 at Johnson, the only population and nursery studied for two years. 
Mortality of 097-37 remained low throughout the first year after burial (1998 season, 33-56 
weeks after burial (wab)). But, during the second year after burial (1999 season), mortality 
was greater in the spring (JW 17-20; 91-95 wab) than it was later in the season (JW 33-44; 
108-119 wab) for 097-37 at Johnson. This is not solely a result of environmental conditions. 
Unlike the two year old 097-37 seeds in the 1999 season, the first year mortality of the 1998 
populations during that same 1999 season was low in the spring (JW17-24; 30-40 wab), then 
higher during the rest of the season. 
Observations of both the germinability cycling differences among the live seeds and 
the mortality differences are consistent with the hypothesis that S. faberii seed behavior in 
the soil is predicated on dormancy capacity heterogeneity at abscission—among seeds within 
a population and among locally adapted populations—modulated by the seasonal 
environmental conditions experienced in the field. 
Seeds with ambiguous or indeterminate fates in the soil were classified as unknown. 
Despite their equivocal nature, some inferences were possible. Differences in the unknown 
fraction occurred between years: the 1999 season had fewer such seeds, (along with greater 
known mortality) than the 1998 season. 
Evidence that unaccounted for seed losses were not due to migration out of the core 
area was also provided by the unknown fraction. During the late fall and early spring, 
migration is most likely because of soil heaving caused by freezing and thawing. Little 
germination or rotting occurs between late fall and early spring, thus if seed losses did occur 
during those months, they would most likely be due to migration. However, no seed losses 
were observed for the 1998 populations: the unknown fraction in the spring of the first year 
after burial (1999 season; 32-36 wab) was similar to that of the last collection time during the 
burial year (1998 season; 3-6 wab). Results for 097-37 were equivocal: there was an 
increase in the unknown fraction between the fall of the burial year (1997 season; 3 wab) and 
the spring of the first year after burial (1998 season, 33 wab), but a decrease in the unknown 
fraction from the fall of the first year after burial (1998 season; 56 wab) to the spring of the 
second year after burial (1999 season, 91 wab). 
Recovery of seed from unbound soil cores in this research was very good, 
approximately 88.5% of the buried seed was recovered during the burial year. The same 
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extraction techniques were used throughout the study, thus it was reasonable to assume seed 
recovery remained relatively constant. The utility of this "bare core" technique was 
emphasized by the lack of evidence for seed movement out of the core provided above. 
Other burial techniques use seed-soil cores bounded by artificial barriers (walls, bags, 
screened layers, jars) made from plastic, metal, glass, or treated wood to aid in seed recovery, 
but these barriers introduce experimental artifacts when making estimates of seed fates 
(Buhler & Hartzler, 2001; Bumside, et al., 1996; Davis, et al., 2005; Grundy, Mead, & 
Burston, 2003; Stoller & Wax 1973). For example, barrier materials possess different 
temperature and moisture holding qualities than soil. This alters the temperature and 
moisture conditions seeds experience, thus influencing their germinability. These barriers 
also prevent the natural movement of moisture, gases and predators within the soil, again 
influencing seed behavior. Treated wood barriers (i.e Buhler & Hartzler, 2001) also 
introduce preservative chemicals into the soil which are toxic to soil organisms. Thus if our 
experience is more generally applicable, the good seed recovery and low risk of seed 
migration from unbounded cores, together with the high risk of artifacts from bounded cores 
altering seed behavior in the soil, provide compelling reasons to consider use of bare cores 
when making estimates of seed fate in the soil. 
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Table 1. Location (name, latitude, longitude), nomenclature (lot no., population name) and 
burial date (at Johnson and Crawfordsville nurseries) of S. faberii populations. Population 
names consist of 3 parts: a prefix letter designating the population location, 2 digits 
designating the collection year, and the Julian week of abscission and collection. All 
locations were in Ames, LA. 
Seed Collection 
Location 
Population Nomenclature 
Lot # Name 
Burial Johnson Crawfordsville 
Year Burial Date Burial Date 
Curtiss Farm 
Latitude, 42°00'23"N 3728 C97-36 
Longitude, 093°38'90"W 3746 C98-36 
1997 9.29.97 
1998 9.11.98 
10.04.97 
9.10.98 
Johnson Farm 
Latitude, 41°58'88"N 
Longitude, 093°38'49"W 
3749 J98-36 1998 9.19.98 9.22.98 
Oakwood Drive 
Latitude, 42°01'83"N 
Longitude, 093°36'54"W 
3734 097-37 1997 9.29.97 10.04.97 
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Figure 1. Seeds (mean number) with each fate (fully after-ripened seed, dormant seed, 
emerged seed, dead intact seed, dead seedling, and unknown) from the S. faberii populations 
buried in 1997 (C97-36, top; 097-37, bottom) at the Crawfordsville (left) and Johnson (right) 
nurseries during the 60-117 weeks after burial (see table 1 for burial dates). Bars represent 
all seeds extracted from the soil during a four week period; length of the divisions within a 
bar indicate the mean number of seeds per core of 200 with each fate. The reference line at 
177 represents the average number of seeds recovered shortly (2-45 days) after burial. 
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Figure 2. Seeds (mean number) with each fate (fully after-ripened seed, dormant seed, 
emerged seed, dead intact seed, dead seedling, and unknown) from the S. faberii populations 
buried in 1998 (C98-36, top; J98-36, bottom) at the Crawfordsville (left) and Johnson (right) 
nurseries during the 64 weeks after burial (see table 1 for burial dates). Bars represent all 
seeds extracted from the soil during a four week period; length of the divisions within a bar 
indicate the mean number of seeds per core of 200 with each fate. The reference line at 177 
represents the average number of seeds recovered shortly (2-45 days) after burial. 
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Figure 3. Fully after-ripened live seed (proportion of recovered seed) versus Julian week 
(JW) for spring (JW 16-31, left) and fall (JW 32-47, right) periods during the first year after 
burial for all populations, years and nurseries. Dots indicate proportions for a single core. 
Solid lines represent the fitted model (3 parameter lorentzian functions with a power of the 
mean variance model; see equation 3 in materials and methods) where Po=maximum 
proportion, pi= JW at which the proportion is half the maximum, p2=half the time (JW) it 
takes for the proportion to go from 75% to 25% of the maximum (spring), or from 25% to 
75% of the maximum (fall). Parameter estimates (with standard errors): Spring, 
po=0.91(0.02), pi=27.3(0.13), p2=-0.63(0.11); fall, p0=0.54(.08), p,=44.4(0.42), 
p2=0.75(0.18). 
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Figure 4. Fully after-ripened live seed (proportion of recovered seed) versus Julian week 
(JW) for spring (JW 16-31, left) and fall (JW 32-47, right) periods during the 1998 season 
(1997 burial, top) and the 1999 season (1998 burial, bottom). Dots indicate proportions for a 
single core. Solid lines represent the fitted model (3 parameter lorentzian functions with a 
power of the mean variance model; see equation 3 in materials and methods) where 
Po=maximum proportion, P,= JW at which the proportion is half the maximum, p2=half the 
time (JW) it takes for the proportion to go from 75% to 25% of the maximum (spring), or 
from 25% to 75% of the maximum (fall). Parameter estimates (with standard errors) are 
given in each graph. 
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Figure 5. Fully after-ripened live seed (proportion of recovered seed) versus Julian week 
(JW) during the spring (JW 16-31) of the first year after burial for each population (1998 
season: C97-36, top left; 097-37,top right. 1999 season: C98-36, bottom left; J98-36, bottom 
right). Dots indicate proportions for a single core. Solid lines represent the fitted model (3 
parameter lorentzian functions with a power of the mean variance model; see equation 3 in 
materials and methods) where (3o=maximum proportion, |3i= JW at which the proportion is 
half the maximum, p2=half the time (JW) it takes for the proportion to go from 75% to 25% 
of the maximum (spring), or from 25% to 75% of the maximum (fall). Parameter estimates 
(with standard errors) are given in each graph. 
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Figure 6. Fully after-ripened live seed (proportion of recovered seed) versus Julian week 
(JW) for the 097-37 during the spring (JW 16-31) of the first year after burial (1998 season) 
at Crawfordsville (top left) and Johnson (top right) nurseries and during the second year after 
burial (1999 season) at the Johnson nursery (bottom). Dots indicate proportions for a single 
core. Solid lines represent the fitted model (3 parameter lorentzian functions with a power of 
the mean variance model; see equation 3 in materials and methods) where 0o=maximum 
proportion, 0i= JW at which the proportion is half the maximum, 02=half the time (JW) it 
takes for the proportion to go from 75% to 25% of the maximum (spring), or from 25% to 
75% of the maximum (fall). Parameter estimates (with standard errors) are given in each 
graph. 
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Table 2. Difference (probability (p) values from ANOVA contrasts) in seed mortality 
(4no. dead intact seeds, dead seedlings, total) between the 1998 and 1999 seasons with time 
(Julian week (JW) group: 4 week periods beginning at JW17). Contrasts could not be made 
for JW group 1. NS=no significant difference (p>.05). In all cases where a difference was 
found, mortality for the 1999 season was greater than that of the 1998 season. 
P-value 
Julian week group 
Contrast 1 2 3 4 5 6 7 
Total mortality: 1998 versus 1999 - NS 0.049 0.0096 <.0001 <.0001 0.0007 
Dead seedlings: 1998 versus 1999 -- NS 0.016 <.0001 <.0001 <.0001 0.0002 
Dead seeds: 1998 versus 1999 - NS NS NS 0.0003 NS NS 
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Table 3. Difference (probability (p) values from ANOVA contrasts) in seed mortality 
(-Jno. dead intact seeds, dead seedlings, total) during the 1999 season between the 
Crawfordsville and Johnson nurseries (top) and between the C98-36 and J98-36 populations 
at each nursery (bottom). NS=no significant difference (p>.05). In all cases where a 
difference was found, mortality at Johnson was greater than at Crawfordsville, and mortality 
of J98-36 was greater than that of C98-36. 
P-value 
Contrast 1999 Season 
Crawfordsville versus Johnson 
Total mortality 
dead seedlings 
dead seeds 
C98-36 versus J98-36 
Crawfordsville 
Total mortality NS 
dead seedlings NS 
dead seeds NS 
Johnson 
Total mortality 0.012 
dead seedlings 0.0062 
dead seeds NS 
0.0001 
0.0009 
0.0006 
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Table 4. Seeds (LSmean no. per 200) with unknown fates during the first year after burial 
for each population (C97-36 and 097-37, 1998 season, top; C98-36 and J98-36, 1999 season, 
bottom) and nursery (Crawfordsville, left; Johnson, right). LSmeans with the same letter are 
not significantly different based on Tukey's multiple comparison test (p=.05). 
1998 Season 
Crawfordsville Johnson 
C97-36 49 BCD 68 DE 
097-37 56 CD 75 E 
1999 Season C98-36 24 A 39 ABC 
J98-36 42 ABC 34 A B 
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Table 5. Seeds (Least square mean (LSMean) no. per 200) with unknown fates for each 
Julian week (JW) group (4 week periods beginning at JW17) during the first year after burial 
(1998 season, column 2; 1999 season, column 3). LSmeans with the same letter are not 
significantly different (Tukey's multiple comparison test, p>.05). 
JW 1997 Populations 1998 Populations 
Group (1998 Season) (1999 Season) 
17-20 58 A 27 A 
21-24 50 A 28 A 
25-28 50 A 34 A 
29-32 54 A 36 A 
33-36 36 A 42 A 
37-40 90 B 34 A 
41-44 87 B 40 A 
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Figure 7. Healthy unemerged seedlings (mean no., top) and dead rotted seeds (mean no., 
bottom) versus Julian week (JW) group (4 week periods beginning at JW17) during the first 
year after burial (1998 season, left; 1999 season, right) at each nursery (Crawfordsville, solid 
lines; Johnson, dotted lines). 
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Figure 8. Schematic diagram of weedy Setaria spp. soil seed pool behavior based on the life 
history of the seed (seed states and processes (transitions between states)). Life history 
states: Dormant seeds, seed germination candidate, germinated seeds, seedlings, and dead 
seeds or seedlings. Life history processes: induction of dormancy and input (dispersal) of 
dormant seed at abscission (seed rain), after-ripening of dormant seed, dormancy re-
induction of germination candidates, germination and growth of germination candidates, 
seedling emergence, and death. 
78 
WEEDY SETARIA SPECIES-GROUP SEED HETEROBLASTY 
BLUEPRINTS SEEDLING RECRUITMENT: 
III. SEEDLING RECRUITMENT BEHAVIOR 
A paper to be submitted to Ecology 
Kari Jovaag, Jack Dekker, and Brad Atchison 
Abstract 
Herein, we provide evidence that weedy Setaria seedling recruitment behavior is 
predicated on dormancy state heterogeneity at abscission (heteroblasty), as modulated by 
environmental signals. The resulting pattern of emergence reveals the actual "hedge-bet" 
structure for Setaria seedling recruitment, its realized niche, an adaptation to the predictable 
mortality events caused by agricultural production practices. Complex oscillating patterns of 
seedling emergence were observed during the first half of the growing season in all 503 cores 
of the 45 populations studied. These patterns were attributed to four distinct dormancy 
phenotype cohorts arising from inherent somatic polymorphism in seed dormancy states, and 
formalized using a mixture model consisting of four normal distributions. Variation in these 
patterns among Setaria populations revealed a fine scale adaptation to local conditions. 
Seedling recruitment patterns were influenced by both genotypic (species, time of 
embryogenesis) and environmental (year, location, seed age in the soil) parameters. The 
influence of heteroblasty on recruitment behavior was apparent in that S. faberii populations 
with higher dormancy at the time of dispersal had lower emergence numbers the following 
spring, and in many instances occurred later, compared to those less dormant. Heteroblasty 
was thus the first determinant of behavior, most apparent in recruitment number, less so in 
pattern. Environment modulated seedling numbers, but more strongly influenced pattern. 
These complex patterns in seedling recruitment behavior support the conjecture that the 
inherent dormancy capacity provides a 'germinability memory', the inherent starting 
condition that interacts in both a deterministic and plastic manner with environmental signals 
to define the resulting heterogeneous life history trajectories, an indication of learning and 
intelligent behavior. The critical importance of emergence timing in determining fitness 
makes it an ideal time to reveal that intelligence. 
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Introduction 
Foxtails (Setaria species-group) are very successful invasive agricultural weeds 
because of their ability to form long-lived soil seed pools of heterogeneous seed (Jovaag, 
Dekker & Atchison, 2006a) that can cycle between dormancy and germination candidacy 
until environmental conditions are sufficient for germination and emergence (Figure 8 in 
Jovaag, Dekker & Atchison, 2006b). This paper examines seedling emergence from the soil 
and is the last in a series on the life history of the weedy Setaria species-group. 
Seedling recruitment is an irreversible, committed step in the life history of a plant. It 
is the time when the annual Setaria plant resumes autotrophic growth and resumes its 
interaction with neighbors in the local community until death in that season. As such, its 
timing is crucial to subsequent behaviors, including survival, assembly in floral communities, 
and reproductive success. 
Is there a pattern to the periodicity of Setaria seedling recruitment? Past research 
only reveals a qualitative pattern: an early flush of seedling emergence in the spring (April-
June) which decreases as temperatures warm, followed by low numbers throughout the rest 
of the season (e.g., Forcella, et al., 1992, 1997). Is it possible to discover a more precise, 
quantitative pattern to seedling emergence? If so, does it bear a relationship to heteroblastic 
patterns among the same seed at abscission? 
Seedling emergence timing is a trade-off between mortality from disturbance and 
competition with neighbors versus maximizing time to accumulate biomass and produce 
seed. The most common habitats in which Setaria has evolved are agro-ecosystems and the 
associated regime of annual disturbance and selection by predictable farming practices (e.g., 
planting, tillage, herbicides, harvesting). The variable risks in these agricultural habitats have 
not led to a single, best time to germinate. Seeds emerging early in the spring have the 
greatest time available for biomass accumulation and competitive exclusion of later emerging 
neighbors, but the greatest risk of mortality. Seeds emerging after planting avoid mortality 
from seedbed preparation, are in a relatively favorable situation to compete with neighbors, 
but have less time for growth. Seeds emerging after the crop is too large to allow equipment 
to enter the field (layby) avoid mortality from earlier farming practices, but they face greater 
competition from the crop and have less time for seed production. Seeds emerging in the 
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summer and fall after harvest face little if any competition, and thus are able to use this short 
opportunity to produce some small amount of seed. 
A good survival strategy for a prolific seed producing species like Setaria may be to 
disperse heteroblastic seeds able to take advantage of as many recruitment opportunities as 
possible, in both seasonal time and field space. The resulting pattern of seedling emergence 
timing may reveal the "hedge-bet" for individual Setaria fitness. 
We hypothesize that there exists a pattern to Setaria seedling recruitment timing 
which is predicated in the first instance on the dormancy state heterogeneity at abscission. 
This pattern in the second instance is modulated by environmental signals and the subsequent 
effects of agricultural disturbance. Thus, patterns in Setaria emergence will reflect the 
historically advantageous recruitment times maximizing survival and reproductive success. 
Materials and Methods 
Experimental 
Setaria populations. For this study, a Setaria population was defined as a specific 
combination of Setaria species, location, and seasonal time of abscission (Table 1). Seeds 
collected from the same location but at different seasonal times were treated as samples from 
different populations rather than repeated measures of the same population. The reason for 
this was that seed phenotypes developing early in the season differ from those developing 
later in the season due to the strong influence of photoperiod on dormancy induction 
(Dekker, 2004; Dekker et al, 1996). 
Species. This paper focuses primarily on heterogeneity among giant foxtail (S. faberii) 
populations. Green (5. viridis) and yellow foxtail (S. pumila) seeds were gathered from the 
Curtiss Farm in 1998 and 1999 to provide an initial assessment of differences between 
Setaria species. 
Locations. Two spatial criteria were used to select locations from which S. faberii seeds 
were collected. The primary criteria restricted populations to a local area around Ames, LA. 
Locations were all within 0°4'77" latitude and 0°4'5" longitude of each other (table 1). Most 
(Johnson, Curtiss, Oakwood, Wessex and Whiteoak) were less than 3km from each other. 
The geographic range was restricted to allow characterization of localized population 
phenotypic (heteroblastic) structure (Jovaag, Dekker & Atchison, 2006a). A second criteria, 
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used in 1999, was to collect from two distant locations in Iowa (near Crawfordsville, about 
194km from Ames) to gain some initial perspective on regional heteroblastic variation from 
that second common experimental nursery. To assess a third consideration of lesser 
importance, the role of light and photoperiod, S. faberii seed was collected from two sites, 
full sunlight and shaded, in the Wessex location early and late in the 1998 season. Seeds 
designated "shade" were collected from a site immediately north of a row of mature maple 
(Acer sp.) on the south edge of the field which receives full sunlight only in the morning and 
late afternoon. Shaded plants were visually less vigorous than those in full sunlight. Light 
levels were not systematically quantified, but the responses of the seed from these plants 
were obtained to advise future hypotheses about the role of light in dormancy induction (e.g., 
Dekker, 2003). All seed were gathered from Setaria monocultures, ensuring no 
contamination from non-target Setaria species occurred. When seed was collected from the 
same site in different years the site was protected from human interference. 
Seasonal time of abscission. Setaria seed development occurs continuously from July 
through November (Julian week (JW) 26-48) depending on environmental conditions. To 
evaluate the effects of time of abscission during this seed rain period, seed was collected at 
discrete intervals roughly corresponding to August (early; JW 31-35), September (middle; 
JW 35-39) and October (late; JW 40-44) (table 1). Our Julian week calendar assumes 29 
days for every February. 
Seed collection. At collection time, S. faberii synflorescences were tapped against the inside 
wall of an empty plastic dishpan to dislodge the ripe, recently abscised (e.g., 0-5 days; 
Dekker et al., 1996) seed. 
Seed preparation. Seed populations were dried separately in #16 (1.18mm mesh openings) 
and/or #18 (1.00mm mesh openings) soil separation sieves (Seedburo Equipment Co., 
Chicago, IL, 60607) to provide airflow around the seed. Seed lots were dried at room 
temperature (20° C) and ambient humidity for three to four days, stirred once per day. Once 
they were dry, hard, dark, mature seeds were separated from other plant material using a seed 
separation blower (Seedburo Equipment Co.). Six hundred seeds from each lot were counted 
manually (200 seeds per envelope) to provide three replications per treatment. A sub-sample 
of the envelopes were recounted to ensure accuracy. 
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Seed burial. Seeds were buried in two common location, agricultural nurseries. Both 
nurseries were on the Iowa State University Agricultural Experiment Research Station, at 
Johnson Farm, Ames, and the Southeast Research Station near Crawfordsville, Iowa (table 
1). 
Field soil seedbank site preparation. The areas selected for this study had been previously 
maintained as turf grass (primarily bromegrass, Bromus sp.) for more than 12 years. Well in 
advance of burial, these areas were treated with a 3% solution of glyphosate (isopropylamine 
salt of N-(phosphomethyl) glycine; Roundup®) to kill the grass sod. After allowing time for 
the herbicide to work, the dead sod was tilled to a depth of about 20 cm using a rototiller. 
Time was allowed for continued decay of the sod and the area was tilled again. Finally, the 
soil was raked smooth and even for seedbed preparation. Soil cores were removed 
periodically in the experimental areas to confirm that no previous, contaminating S. faberii 
seeds were present. 
Crop (soybean) rows were planted 96 cm apart. Individual S. faberii seed burial sites 
(soil cores) were located in the inter-row area. Burial sites were arranged in a completely 
randomized design using three replications. 
Burial procedure. At each burial site, three equidistant metal-staffed marker flags were used 
to define a 11cm diameter round "core" area. A 7cm diameter, 10 cm deep (volume: 390 
cm3), soil core was extracted from the center of the three flags. The soil was placed in a 
dishpan and thoroughly mixed with the 200 seeds from an envelope (seed density: 0.5 
seeds/cm3). The soil was then carefully returned to the hole from which it was extracted. 
Seed burial occurred one to three weeks after the seed was harvested (table 1). 
Field management. No-till Roundup Ready® soybeans were planted each spring between the 
soil core rows, simulating normal stand density and row spacing and ensuring the seed-soil 
cores were undisturbed. Both chemical and manual weed control methods were used to keep 
the plots weed free. Soybeans were harvested by hand and threshed, then the residue was 
redistributed over the entire plot area. 
Seedling emergence data collection. Each week in 1997-2000, from spring through autumn 
when the soil was not frozen, emerged seedlings in each core were counted, then severed at 
the soil surface and killed to prevent them from influencing subsequent germination and 
emergence. 
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Analysis 
Statistical Model. Seedling emergence in the first half of the season (Julian weeks 14-31) 
showed a complex oscillating pattern (figure 1). Mixture models, that is, models which are a 
combination of two or more simple distributions, are often flexible enough to fit such 
complex patterns, yet still provide parameters for interpretation and comparison. 
Determination of the number of distributions in the mixture is a difficult problem which has 
not been completely resolved (McLachlan & Peel 2001). The goal is to have the smallest 
number of components which are different, have nonzero mixing proportions, and are 
compatible with the data. For our data, a mixture model which consisted of four normal 
distributions, which could be interpreted as four distinct phenotype cohorts, was appropriate 
based on histograms of the data. Letting g(x) represent the expected proportion of seeds 
emerging at timex(xe [14,31]): 
i-\ 
where 0 < Ki < 1, 7ii+...+7t4=l, and f t ( x )  ~  TV(//,,<7.). The are the mixing proportions, 
and the ft(x) are the component distributions. Mixtures of three or fewer distributions were 
not always compatible with the data based on histograms of the data. Mixtures of five 
distributions generally contained one distribution with a mixing proportion close or equal to 
zero. Further, the standard deviations of the normal distributions were constrained to be 
equal. That is, ft{x) ~ The constraint disallowed models containing two 
distributions with nearly identical means and very different standard deviations. Because of 
the critical importance of the timing of emergence, it seems reasonable that if there are 
distinct emergence phenotypes, that they would have distinct mean times, rather than 
identical mean times and varying standard deviations. This constraint also resulted in models 
with eight parameters (4 means, 1 standard deviation, 3 independent proportions) rather than 
eleven. 
Other approaches were also considered. One approach was functional data analysis 
(Ramsay & Silverman 1997). Weekly emergence data for each core was converted into a 
smooth curve using a cubic bspline. The curves then become the response variable for an 
anova analysis. This approach is more flexible in fitting the data than the mixture model 
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approach, but it does not provide an interpretation for the pattern as does the mixture model. 
Repeated measures anova was also considered but does not have the pattern recognition 
properties of the normal mixture model. 
Distribution Names. Table 2 lists the four distributions in order of their mean times and the 
names given to each one. The season names (early spring, mid spring, late spring, early 
summer) correspond to the approximate time of the year at which the distribution occurs. 
The management names (corn planting, soybean planting, late planting, corn layby) 
correspond to the major agricultural practices that occur in corn belt Iowa fields shortly 
before or during the seasonal time the distributions cover (Farnham, 2001; Whigham, et al., 
2000). These management practices are important because the corn/soybean rotation is the 
predominant cropping system in Iowa; thus they signify the major disturbances, and thus the 
major causes of seedling mortality, in the agroecosystems Setaria occupy, and locally adapt 
to, in the Midwest. The Julian week and dates will vary depending on which data are 
modeled. The names do not change. 
Comparison of emergence and heterogeneity at abscission. To test the hypothesis that 
Setaria seedling recruitment timing is predicated on the dormancy state heterogeneity at 
abscission, seed germinability of S. faberii populations at abscission was compared to their 
cumulative seedling emergence the following spring. Direct comparison of seed 
germinability numbers and emergence numbers was not possible because of the differing 
experimental methods needed in each case. Thus, the comparison was made on the relative 
rankings of the populations. Setaria populations were first ranked from least to most 
germinable at the time of abscission based on the intra-AR totals developed in Jovaag, 
Dekker and Atchison (2006a). The populations were then ranked from least to most 
cumulative emergence at five different times during the first year after burial (Julian weeks 
18, 20, 24, 28, and 48). The last was chosen to contain all first year emergence. The 
germinability ranking at abscission was then compared to the emergence ranking at each 
chosen time point using Spearman's rank correlation, a nonparametric test of association. 
The interpretation of Spearman coefficients is similar to that of Pearson correlation 
coefficients, but Spearman's test does not require specific distributional assumptions. The 
first three time points used (JW18, 20, 24) were intermediate to the four distribution mean 
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times used to model emergence (table 2). Julian week 28 was shortly after the fourth mean, 
and JW48 was the end of the first year after burial. 
To further compare emergence and heterogeneity at abscission, the emergence 
patterns of the seed dormancy (after-ripening, AR) groups developed in Jovaag, Dekker and 
Atchison 2006a were also analyzed using four distribution mixture models. 
Results 
Spring Emergence 
A consistent, unexpected, pattern was observed in the number of Setaria seedlings 
emerging during the spring (JW 14-31): periods of high emergence (local maxima) followed 
by intervening minima (figure 1). This oscillating pattern occurred in all 503 cores of the 47 
populations studied over three years in two common burial nurseries, although the magnitude 
and timing of the oscillations varied among the cores. To model these oscillations, spring 
emergence data was analyzed using a mixture model consisting of four normal distributions 
with equal standard deviations (see model discussion in materials and methods: analysis). 
The model had four emergence periods (local maxima) separated by intervening minima. 
However, when mean times were close, or the proportion in one of the distributions was very 
small, two or more of the distributions combined to form one peak, resulting in a model with 
two or three peak emergence periods. This resulted in the close coincidence of the models 
(solid curved lines in figures 2-9) with the frequency histograms of the actual data (bars in 
figures 2-9). In the following sections "peak" is used when referring to a local maxima in 
the model. The "distribution", "mean time" or "proportion" refers to one of the four 
underlying normal distributions (dotted lines in figures 2-9). Each species (S. faberii, S. 
pumila, S. viridis) was modeled separately. Within a species, separate models were also 
obtained for each year and common nursery. Additionally, for S. faberii, separate models 
were obtained from seed collected from common locations during the early (JW32), middle 
(JW36) and late (JW40) periods of the seed rain. 
General S. faberii emergence pattern. Overall, S. faberii seedling emergence during the 
first half of the first year after burial (Julian weeks 14-31) had an oscillating pattern with 
three sequentially decreasing peaks (figure 2, top left). Fifty percent of the emergence 
during this period occurred within the first peak, which consisted of the small early spring 
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distribution and the large mid spring distribution (tables 2-3). The late spring distribution 
formed the second, somewhat smaller (30%) peak. The early summer distribution formed 
the third and smallest peak. This overall response of S. faberii can be deconstructed to reveal 
the separate influences of years (1997-1999) and common burial nurseries (Crawfordsville, 
Johnson) on the spring emergence pattern. 
Years. 
1997 populations. S. faberii seedling emergence of the 1997 populations during the 1998 
season showed a two peak pattern (figure 2, top right). Most emergence (77%) occurred 
during the first peak, primarily during mid spring (table 3). The second, smaller peak 
occurred during early summer, similar to the third peak in the overall pattern. 
1998 populations. S. faberii seedling emergence of the 1998 populations during the 1999 
season showed a four peak pattern (figure 2, bottom left). The proportions of seeds emerging 
during the middle two peaks (mid and late spring) were similar (36% and 34%, table 3). The 
proportion of seeds emerging during the first and last peaks (early spring and early summer) 
were about half that of the middle two (17% and 13%). 
1999 populations. S. faberii seedling emergence timing of the 1999 populations during the 
2000 season was more variable (standard deviation was 1.18 JW, table 3) than during the 
other years (figure 2, bottom right). Fitting the four distribution model resulted in a two peak 
pattern with the majority of the emergence (80%) occurring during the second peak (mid 
spring through early summer), primarily during late spring and early summer. There was 
some indication from the data that a five distribution model may be needed; however, using 
five distributions did not improve the fit of the model and thus was not used. 
Comparisons among years. Seedling emergence patterns differed between years primarily in 
the proportions of emergence occurring within each distribution (table 3). The proportion of 
emergence during mid spring decreased from the 1998 season to the 1999 season, and again 
from the 1999 season to the 2000 season. The proportion of emergence during early and late 
spring increased from the 1998 season to the 1999 season, and again from the 1999 season to 
the 2000 season. The proportion of emergence during early summer was greater during the 
2000 season than during the 1998 or 1999 seasons. Further, in the 1998 season (1997 
populations), the mid spring distribution had the largest proportion. In the 1999 season (1998 
populations), the mid and late spring proportions were about equal, and larger than the other 
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two. In the 2000 season (1999 populations), the late spring distribution had the largest 
proportion. 
Mid and late spring timing means also differed between years, though timing had a 
lesser effect than proportion on the emergence pattern. The mid spring mean time for the 
1998 season occurred earlier than for the 1999 season which in turn occurred earlier than the 
mean time for the 2000 season. The late spring mean time for the 1998 season occurred 
earlier than for either the 1999 or 2000 season. Mean times for early spring and early 
summer were similar between years. The variability of the distributions also differed 
between years. The 1999 season was less variable than the 1998 season which was less 
variable than the 2000 season. On average, the total number of seeds emerging during the 
spring (JW 14-31) was greater during the 1998 season than during the 1999 or 2000 seasons. 
Common nurseries. 
Crawfordsville. Overall, S. faberii seedling emergence in Crawfordsville showed a four peak 
pattern (figure 3, top left). The mid spring peak was the largest, followed by the late spring, 
early spring and early summer peaks, respectively (table 3). 
Johnson. The S. faberii seedling emergence pattern in Johnson showed a sequentially 
decreasing three peak pattern similar to the overall pattern (figure 4, top left; table 3). 
Comparison of common nurseries. The mid spring through early summer mean times were 
about a week earlier at Johnson than at Crawfordsville, the mean time of the early spring 
distribution was similar at both nurseries (table 3). The proportions of emergence during mid 
spring and early summer were 7-8% greater at Johnson than at Crawfordsville, while the 
proportions during early and late spring were 7-9% lower. Variability was greater at 
Crawfordsville than at Johnson. On average, the total number of seeds emerging during the 
spring (JW 14-31) was greater at Johnson than at Crawfordsville. 
Year by common nursery interaction. Overall, the influence of year was greater than that 
of common nursery on the spring emergence patterns during the 1998 and 1999 seasons 
(figures 2-4; top right (1998) and bottom left (1999)). However, the mean time for each 
distribution was earlier during the 1998 season than during the 1999 season at 
Crawfordsville, but later or similar at Johnson (table 3). Also, the greatest proportion of 
emergence in 1998 occurred during early spring at Johnson, but during mid spring at 
Crawfordsville. Differences between the common nurseries were more apparent during the 
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2000 season (figures 3-4, bottom right). At Crawfordsville in 2000, emergence occurred 
primarily from early spring through late spring, with the greatest proportion (42%) during 
late spring. At Johnson in 2000, emergence primarily occurred during late spring and early 
summer, with largest proportion (55%) during early summer. 
Seed age in the soil. Emergence patterns among seeds of different ages in the soil were 
compared within a season (1999 or 2000; figure 5) because of the large influence of annual 
climatic conditions on the patterns. Both years, the total number of seeds emerging during 
the spring (JW 14-31) declined rapidly as seed age in the soil increased (table 4, bottom, last 
column). Patterns in emergence timing and proportion between the first and second year 
after burial differed depending on the season (1999 or 2000). Data for the third year after 
burial was only available for the 2000 season. Emergence timing for the third year after 
burial was similar to that for the second year after burial. Emergence proportion for the third 
year after burial was greater during late spring and less during early summer than for the first 
or second years. Emergence proportion for the third year after burial was similar to that of 
the second year during early and mid spring. 
Seasonal time of abscission. Populations of seed that matured during early (JW32), middle 
(JW36) and late (JW40) seasonal periods were collected from eight locations; four in each of 
1998 and 1999. These twenty-four populations provided a basis for the comparison of 
emergence patterns among seed with varying seasonal times of abscission. The 1998 
populations (during the 1999 season) and 1999 populations (during the 2000 season) were 
modeled separately because of the strong influence of annual climatic conditions. Models 
with the years combined were also obtained to examine general patterns. 
General early-middle-late (EML) pattern. Four distinct seedling emergence peaks were 
observed for the combined early, middle and late maturing populations during the spring of 
the first year after burial, the first three sequentially increasing and the last relatively small 
(figure 6, top; table 5). This pattern differed somewhat from the overall 1998-2000 S. faberii 
pattern (figure 2, top left) primarily because the EML data did not include any 1997 
populations. The general EML pattern was similar to that of all 1998 and 1999 S. faberii 
populations (figure 7, top left). 
1998 Populations. Early, middle and late 1998 populations (1999 season) showed 3-4 peak 
patterns (figure 6, middle). The mid and late spring peaks were larger than the early spring 
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and early summer peaks, with the exception that the early spring peak for the middle 
populations was similar to the late spring peak (table 5). 
1999 Populations. Early, middle and late 1999 populations (2000 season) showed three peak 
patterns (figure 6, bottom). Little emergence occurred during mid spring, thus it did not form 
a peak (table 5). The early and late spring peaks were larger than the early summer peaks. 
Comparison of early-middle-late. During the 1999 season, the total number of seeds 
emerging during the spring (JW 14-31) was lower for the early maturing seed than for seed 
maturing during the middle seasonal period, which in turn was lower than the total 
emergence from late maturing seed (table 5). During the 2000 season, There was no 
statistical difference in the number of seeds emerging from the early, middle and late 
maturing populations. Emergence timing was similar among early, middle and late maturing 
populations, with a few exceptions. The mean time of the early spring distribution was 
earlier for the middle 1998 populations than for the 1998 early or late populations. It was 
also earlier for the 1999 early and middle populations than for the 1999 late populations. The 
mean time of the early summer distribution was earlier for the 1999 middle populations than 
for the 1999 early and late populations. Patterns in the emergence proportions among early, 
middle and late maturing populations were equivocal, and varied with year. 
Species. 
S. viridis. Overall, spring and early summer emergence of S. viridis showed a three peak 
pattern with the largest proportion of emergence during the mid spring and large variability 
(figure 7, top right). There was some indication from the data that a five distribution model 
may be useful, but using five distributions did not improve the fit, thus it was not used. In 
1999, emergence proportions in all four distributions was similar resulting in a broad 
emergence pattern (figure 7, middle right; table 6). In 2000, emergence occurred primarily 
during late spring, resulting in a single peak pattern (figure 7, bottom right). In both years, 
the emergence pattern for S. viridis at each common nursery was dissimilar to the pattern for 
both nurseries combined (data not reported), resulting in the large variability when S. viridis 
populations were combined. Only one S. viridis population was studied each year. 
S. pumila. Overall, S. pumila showed a three peak pattern with the largest proportion of 
emergence during late spring (figure 7, top middle). In both 1999 and 2000, S. pumila 
showed four peak patterns with the largest proportion during the mid season (mid-late 
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spring). In 1999, the late spring peak was the largest, followed by the mid spring peak 
(figure 7, middle middle). Conversely, in 2000, the mid spring peak was the largest, 
followed by the late spring peak (bottom middle). The early spring and early summer peaks 
were small both years. Only one S. pumila population was studied each year. 
S. faberii. S. faberii during 1999 and 2000 combined showed a four peak pattern with the 
first three sequentially increasing and the fourth similar to the first. The S. faberii patterns 
for 1999 only and 2000 only have been previously discussed. 
Species comparisons. The majority of emergence occurred during mid season for all three 
species, except for S. viridis in 1999 for which the proportion in all peaks was similar. Early 
spring and early summer emergence was lower for S. pumila than S. faberii in both 1999 and 
2000. S. viridis emergence during those periods was not statistically different from either of 
the other species. Emergence timing of S. faberii and S. viridis was generally similar in both 
1999 and 2000. Timing of S. pumila was either similar or later than the other two species. S. 
viridis was the most variable species overall, although its variability was not statistically 
greater than that of S. faberii in either year, due to the smaller sample sizes analyzed. 
Conversely, S. pumila was less variable than S. faberii in both 1999 and 2000, but not when 
years were combined. There was no statistical difference in the emergence numbers among 
the three species. 
Comparison of emergence with heteroblasty at abscission. The hypothesis that Setaria 
seedling recruitment timing is predicated on the dormancy state heterogeneity at abscission 
was tested in two ways. First, seed germinability of S. faberii populations at abscission was 
compared to their cumulative seedling emergence at five different times (Julian weeks 18, 
20, 24, 28, and 48) during the following year using Spearman rank correlations. Second, the 
emergence patterns of the AR groups developed in Jovaag, Dekker and Atchison (2006a) 
were compared using four distribution mixture models. 
Cumulative emergence. There was a positive correlation between dormancy capacity at 
abscission and the cumulative number of seeds emerged at all five times during the first year 
after burial for the 1998 S. faberii populations, and at Julian weeks 28 and 48 for the 1999 
populations, as indicated by the Spearman coefficients. For the 1998 populations, Spearman 
coefficients at each time were between .53 and .73 (p-valuesc.02). For the 1999 populations, 
there was no statistical correlation between dormancy capacity at abscission and cumulative 
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emergence at JW 18-24 (Spearman coefficients .30-46, p-values .22-.06), but there was a 
positive correlation at JW28 (.59, p-value=.01), and at JW48 (.52, p-value=.03). 
Cumulative spring emergence numbers (JW 14-31) for the 1998 AR groups also 
showed an association with dormancy capacity at abscission. AR group 1, the least dormant 
group, had more spring emergence than AR group 2, which in turn had more spring 
emergence than AR group 3, the most dormant group (table 7). Spring emergence for the 
1999 AR groups was more variable, thus there was no clear association between AR group 
and cumulative emergence. 
Emergence pattern: 1998 AR Groups. A four peak Spring emergence pattern was observed 
for each of the three 1998 AR groups (figure 8). The proportion of seeds emerging during 
the early summer increased from AR group 1 (the most germinable group) to AR Group 3 
(the least germinable group) (table 7). Proportions in the other distributions also varied, but 
the pattern was unclear. The mean times of peak emergence were generally similar among 
the three groups. 
Emergence pattern: 1999 AR Groups. The spring emergence patterns for the 1999 AR groups 
were more variable than for the 1998 groups (figure 9; table 7), with the exception of the 
1999 group 3, which consisted of a single population with an unusual germination pattern 
(Jovaag, Atchison, & Dekker, 2006a). The proportion of emergence occurring during mid 
spring was higher for group 1 (the most germinable group) than for groups 2 or 4. 
Proportions in the other distributions also varied, but the pattern was unclear. The mean 
times of peak emergence for the 1999 AR groups varied more than for the 1998 groups. The 
mean time of the early summer peak was earlier for group 1 than the mean time for group 2, 
which in turn was earlier than the mean time for group 3. Other patterns in timing were less 
clear. 
Summer and Fall Emergence 
Foxtail seeds can germinate and emerge even in December (figure 1, right). The 
number of seeds emerging after mid July (JW32) was very low, thus no statistical model was 
used. However, some patterns did emerge. 
Burial Year. Emergence during the fall of the burial year occurred during JW43-44 in 1997, 
during JW38-49 in 1998, and during JW42-47 in 1999. Eighty-three percent of the 94 
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population/common nursery combinations had 1 % or less of their seeds emerge during the 
summer and fall of the burial year. Only 097-36, 097-37 and W98-40 had more than 2% 
emergence during the burial year. 
First year after burial. Emergence during the summer and fall of the first year after burial 
occurred only during JW32-34 and JW45-49. Emergence during JW45-49 occurred only for 
097-37 at Johnson during the 1998 season; no emergence during this time occurred in the 
1999 or 2000 seasons. Late summer and fall of 1998 was warmer than that of 1999 or 2000. 
Emergence during JW32-34 occurred only in mid and late maturing populations (collected 
after JW35) of S. faberii and S. viridis. S. pumila had no summer or fall emergence. No 
population averaged more than 0.5% emergence (1 seed/core) during the summer and fall of 
the first year after burial, and most had none at all. 
Second year after burial. Summer and fall emergence during the second year after burial 
occurred only during Julian weeks 32-35. Summer and fall emergence averaged less than 
0.67%, and most populations (74%) had none. Data was available only for populations 
buried in 1997 and 1998. 
Third year after burial. One 097-37 seed emerged during JW33 of the third year after 
burial (2000 season). Data was available only for populations buried in 1997. 
Discussion 
A complex oscillating pattern of seedling emergence was observed in the first half of 
the growing season in all 503 cores of the 45 populations studied. This was unexpected. A 
priori expectations were of a large continuous flush of emergence in the spring and early 
summer followed by low numbers during the latter part of the season, as reported previously 
(e.g., Forcella et al 1992, 1997). This expectation was not observed, so why is there an 
oscillating recruitment pattern? Several hypotheses might explain this oscillating pattern: 
soil inhibition, environmental signals for germination, and seed heteroblastic structure. 
Periodic inhibition of recruitment may be due to a soil factor (e.g. toxin, Glycine max or 
Setaria roots). A toxin present continuously in the soil is unlikely to result in consistent, 
periodical inhibition. Inhibition from soybean (Glycine max) roots is also unlikely since 
soybeans were not planted until mid spring (JW 19) and their roots would not first reach the 
experimental cores for at least another two or three weeks (just prior to the late spring peak). 
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Further, root foraging and infiltration of cores is a continuous process and therefore is 
unlikely to cause consistent periodic inhibition. Emerged Setaria seedlings, and the dead 
residues from weekly counting and shoot removal could be the source of periodic inhibition 
of subsequent recruitment. If seedlings or root residues inhibit emergence, then the level of 
inhibition should be quantitatively related to the number of recently emerged seedlings, a 
density dependent phenomena. That is, large emergence peaks should cause delays in the 
timing of subsequent emergence compared to cores with relatively smaller emergence peaks. 
The data did not support this density-dependent inhibition hypothesis. In most cases, large 
emergence peaks had similar or decreased time until the next emergence peak compared with 
small emergence peaks (tables 3-7). Further, there was no quantitatively consistent 
relationship between emergence numbers and time until the next peak in those few cases 
where large emergence peaks were followed by delays. Oscillating Setaria emergence 
patterns were also observed in nearby experiments in which seedlings were either removed 
entirely or left to grow (Heggenstaller & Liebman 2006; personal communication, analysis 
not reported,), additional evidence that consistent periodical inhibition was not caused by 
Setaria seedlings. Inherent somatic polymorphism in seed dormancy states, heteroblasty, 
may provide a second explanation for the recruitment oscillations. The dormancy state 
structure of the seed rain may consist of several discrete, independent dormancy phenotype 
cohorts, each with a different range of requirements for germination. This results in a spring 
emergence pattern that is a mixture of several distributions—one for each dormancy 
phenotype cohort. This hypothesis is also supported by the observation that a mixture of four 
normal distributions—suggesting four dormancy phenotype cohorts—consistently fit data 
from different populations and years. Environmental signals that stimulate germination (oxy-
hydro-thermal-time; Dekker, Atchison & Jovaag, 2003) change over seasonal time and 
provide the third possible explanation of the oscillations. Early season conditions are cool 
and wet; stimulatory oxygen and moisture signals (oxy-hydro time) are at their seasonal 
maxima. Opposed to this, soil temperatures (thermal time) are suboptimal for germination. 
As the season progresses, temperatures become increasingly favorable for germination, but 
moisture availability and oxygen solubility steadily decline. Complex, oscillating patterns in 
germination (a threshold event) could result from stochastic variations in these opposed 
signals, especially when interacting with heteroblastic seed (Dekker, et al., 2001). However, 
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the consistency in the timing and number of oscillations seen in the data is unlikely if 
environmental signals are the sole cause. The most likely cause of the oscillating recruitment 
patterns is the dynamic interaction of distinct dormancy phenotype cohorts with opposed 
environmental signals. 
Recruitment: effect of genotype 
Heteroblasty is intrinsic to individual Setaria seeds and genotypes, but the qualities of 
the dormancy capacities induced are also modulated by the specific seasonal conditions 
experienced by the parental plant and species during embryogenesis (Dekker, 2003). 
Observed seedling recruitment phenotypes are first predicated on this inherent dormancy 
capacity heterogeneity, and then modulated by the environment. Heteroblasty is influenced 
by seasonal time of abscission and species. 
An inverse relationship between the time of abscission and the number of seeds 
subsequently emerging during the spring and early summer was observed in 1999. In that 
year, early maturing populations had fewer seeds emerge than middle maturing populations 
which in turn had fewer than late maturing populations. Further, mid summer to fall 
emergence during both 1999 and 2000, while low, occurred only in middle and late maturing 
populations. These inverse relationships between time of abscission and emergence numbers 
during 1999 and the second half of 2000 were consistent with the dormancy trend of early 
seed being more dormant than middle seed, which in turn was more dormant than late seed 
(Jovaag, Dekker & Atchison 2006a). During the first half of 2000, there was generally no 
difference in the emergence numbers, proportions or timing among seeds with different 
abscission times. This similarity indicated that environmental conditions strongly dominated 
emergence patterns in 2000. This was not unexpected since all populations, and the cohorts 
within each population, are heterogeneous and able to respond to heterogeneous annual 
conditions. The greater variation in emergence proportion and number during 1999 indicated 
that environmental conditions were less dominant, and genotypic variability more influential, 
than in 2000. 
Diploid, ancestral (Rominger, 1962), S. viridis was the most variable species overall 
and it's emergence timing and proportions were more strongly influenced by the annual 
environment and local nursery conditions than the polyploids S. faberii and S. pumila. This 
may indicate S. faberii and S. pumila are more specialized in emergence behavior than S. 
95 
viridis. The majority of emergence generally occurred during mid season (mid-late spring) 
for all three species. This observation was exaggerated for S. pumila which generally also 
had compensating lower early spring and early summer emergence. Further, S. pumila had 
no late season (after JW31) emergence. Also, the timing of emergence peaks was frequently 
later for S. pumila than the other species. There was no statistical difference in the 
emergence numbers among the three species. 
Recruitment: effect of environment 
The observed heterogeneous seedling emergence phenotypes were based on the 
inherent heteroblasty of seed genotypes responding to seasonal conditions subsequent to 
dispersal, notably yearly conditions, locality, and seed age in the soil. Annual climatic 
conditions affecting seedling emergence are stochastic, and remained within historical ranges 
during 1998-2000. Observed numbers and patterns of emergence during the spring and early 
summer were influenced by both these annual climatic conditions and the local (nursery) 
environment. Overall, the number of seeds emerging was greater in 1998 than in 1999 or 
2000. However, there was greater emergence at Johnson than at Crawfordsville in 1998 and 
1999, but less in 2000. Trends in emergence patterns were observed with changing year 
from 1998 to 1999 to 2000. The majority of emergence occurred later in the season with 
changing year; over the entire spring and early summer period at Johnson, and, more 
narrowly, within the mid and late spring period at Crawfordsville. The timing of most 
emergence peaks occurred earlier at Johnson but later at Crawfordsville with these changing 
years. The number of seeds emerging during the spring and early summer declined rapidly 
as seed age in the soil increased from one to three years. This was expected since the size of 
the soil seed pool decreases each year due to emergence and mortality. There was no 
consistent relationship of seed age with the timing and proportion of emergence. Year 
effects strongly dominated the emergence patterns for seeds of all ages. 
Relationship of heteroblastic germinability at abscission and subsequent behavior 
Fine scale differences in seed dormancy capacities (heteroblasty), dormancy cycling 
in the soil, and seedling emergence behavior were observed among Setaria populations. The 
differences were influenced by both genotypic (time of embryogenesis, species) and 
environmental (year, nursery, seed age in the soil) parameters. These observations raise the 
question: are the behaviors of Setaria seed dependent on responses during previous life 
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history stages? That is, does dormancy cycling behavior depend on heteroblasty, and does 
emergence behavior depend on heteroblasty and dormancy cycling behaviors? 
Relationships between the life history stages were evident in our studies. 
S. faberii seed dormancy heterogeneity strongly influenced the relationship between 
heteroblasty (Jovaag, Atchison & Dekker, 2006a) and emergence in terms of the seedling 
numbers: more dormant populations had lower emergence numbers during the first year after 
burial than less dormant populations. This was more apparent during the 1999 season than 
the 2000 season. In contrast to this, patterns of seedling emergence (proportion and timing) 
were generally dominated by environmental conditions such that the influence of 
heteroblasty was obscured, especially during the 2000 season. The temporal window of 
emergence was narrower or wider depending on how the inherent heteroblasty responded to 
the annual environmental conditions: time of emergence was most variable in the 2000 
season, least variable in the 1999 season, and intermediate in the 1998 season. 
Evidence of this relationship between heteroblasty and emergence number was 
provided by the positive Spearman correlation between dormancy capacity at abscission and 
the cumulative number of seeds emerged during the first year after burial for both the 1998 
and 1999 S. faberii populations. Further evidence was provided by the inverse relationships 
between time of abscission and emergence numbers during 1999 and the second half of 2000. 
Early maturing seed was the most dormant and had the least number of seeds emerging. 
Seed maturing late in the season was the least dormant and had the greatest number of seeds 
emerging. During the first half of 2000, environmental conditions strongly dominated 
emergence numbers and patterns such that no relationship with time of abscission was 
observed. The 1998 seed dormancy (AR) groups (Jovaag, Atchison, and Dekker, 2006a) also 
provided evidence of this relationship: the most dormant seed (AR group 3) had the least 
emergence, while the least dormant seed (AR group 1) had the greatest number of seeds 
emerging. Further, the least dormant seed generally emerged earlier: AR Group 1 had the 
most early spring emergence, and the least early summer emergence. Again, environmental 
conditions strongly dominated emergence numbers and patterns for the 1999 seed dormancy 
(AR) groups during the 2000 season. 
Emergence patterns of S. faberii (proportion and timing) were generally dominated by 
yearly environmental conditions. However, there is some evidence of the influence of 
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heteroblasty on the emergence pattern: less dormant populations had earlier emergence. 
Generally, with those populations common across years, relatively lower dormancy seeds 
were associated with the years in which the majority of emergence occurred earlier: 1997 
seeds (at lower AR durations) were less dormant than 1998 seed, and the majority of 
emergence subsequently occurred earlier in the 1998 season relative to the 1999 season; 1998 
seeds were less dormant than 1999 seeds, and the majority of emergence subsequently 
occurred earlier during the 1999 season relative to the 2000 season. 
The influence of heteroblasty on emergence behavior was apparent when comparing 
the three Setaria species, but its effect was somewhat different than it was within S. faberii: 
the emergence pattern differed among species, but emergence numbers among species were 
similar. S. pumila was the most dormant species (Jovaag, Dekker & Atchison, 2006a). 
Dormant S. pumila had less early spring emergence and, frequently, the time of emergence 
was delayed, compared with S. faberii. This is consistent with the hypothesis of populations 
with greater dormancy having later emergence. 
Seed behavior in the soil, from the time of abscission when seed enters the soil until 
emergence, was consistent with the hypothesis of a relationship between heteroblasty and 
emergence, modulated by the environment. Individual S. faberii seed populations retained 
heteroblastic qualities throughout their annual germinability cycle (high spring germinability, 
summer dormancy re-induction, increased fall germinability). Retention of heteroblasty was 
evident in the variable proportions of candidate seeds within a single population at individual 
seasonal times (Jovaag, Dekker & Atchison, 2006b). The influence of heteroblasty was also 
apparent in the heterogeneous decline in germinability from early spring to early summer. 
Further, the germinability pattern (high in spring, low in summer, somewhat increased in fall) 
was consistent with the emergence pattern (high in spring and early summer, low in mid 
summer, none in late summer-early fall, low in mid-late fall). 
The life history trajectory of the individual Setaria seed, from an thesis and 
embryogenesis to germination and seedling emergence is determined in the first instance by 
the inherent, parentally-induced, dormancy capacity of the seed, but is sensitive to the 
environmental conditions confronted on different time scales. At the widest temporal scale 
studied, heteroblastic qualities largely determine the numbers of seeds that are recruited in a 
single year and locality. On a finer temporal scale (weekly or daily), the distribution and 
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timing (pattern) of seedling emergence is strongly influenced by the unfolding seasonal 
environment. The life history trajectory is therefore a pathway whose course is first set by 
inherent dormancy qualities. The subsequent pathway is continually adjusted in response to 
fine scale temporal conditions encountered. Sensitive, short-term responses to these signals 
accumulate, and the dormancy states of seeds change on a weekly and daily basis. The 
consequent life history trajectory is apparent in dormancy-germinability cycling (Jovaag, 
Dekker & Atchison, 2006b). The life history trajectory is therefore both deterministic and 
plastic, conditional on starting conditions (parentally induced dormancy capacity) and 
modulated by conditions confronted on shorter time scales. The resulting recruitment is an 
emergent property of the complex component pathways of individual temporal commitments. 
Seed dormancy hedge-betting for recruitment 
Evolutionarily, hedge-betting is a strategy of spreading risks to reduce the variance in 
fitness, even though this reduces intrinsic mean fitness. Hedge-betting is favored in 
unpredictable environments where the risk of death is high because it allows a species to 
survive despite recurring, fatal, disturbances. Risks can be spread in time or space by either 
behavior or physiology. Risk spreading can be conservative (risk avoidance by a single 
phenotype) or diversified (phenotypic variation within a single genotype) (Cooper & Kaplan, 
1982; Philippi & Seger, 1989; Seger & Brockman, 1987). Setaria spp. clearly diversifies its 
seedling recruitment risks in the face of agricultural disturbance and heterogeneous, 
changeable habitats. Hedge-betting of germination time reduces temporal variance in fitness 
of Setaria in agroecosystems which have annual cycles of disturbance in addition to 
unpredictable yearly climatic conditions. Earlier emergence allows for greater biomass and 
potentially explosive seed production at season's end (Dekker 2004), but also has a high risk 
of death from agricultural practices. Later emergence has a lower potential for seed 
production, but also a lower risk of death. Thus variation in germination time results in both 
a decrease in the maximum and an increase in the minimum potential seed production, 
reducing fitness variability and ensuring enduring occupation of the locality. Variation in 
germination time has the additional benefit of reducing sibling competition, which enhances 
individual fitness (Cheplick 1996). There is some predictability to the primary sources of 
death and germination opportunities for Setaria in Iowa agroecosystems: the major 
agricultural practices of corn planting, soybean planting, late planting, and layby (generally 
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last time of herbicide application) occur during specific seasonal periods. This suggests a 
hedge-bet strategy in which some seed germinates during, or just after, each of these periods. 
The proportion and timing of emergence within each of these periods would be modified by 
both inherent heteroblasty and environmental conditions to produce the actual hedge-bet. 
Evidence for the diversified hedge-betting in Setaria seedling recruitment was 
apparent in that the heteroblastic differences among the populations were echoed in seedling 
emergence behavior. Observed heteroblastic differences within and among populations 
revealed a fine scale adaptation to local space and time conditions. Thus heteroblasty 
provided the blueprint for seedling recruitment. For example, within S. faberii, less dormant 
populations had greater emergence numbers and sometimes earlier emergence; also, S. 
faberii was less dormant and had more early emergence compared with S. pumila. This 
inherent, genotypic, blueprint was modulated by seasonal environmental conditions and 
locality, sometimes to such an extent that the influence of heteroblasty was obscured (e.g., 
2000 season). The resulting, complex, pattern of emergence revealed the actual "hedge-bet" 
structure for Setaria seedling recruitment, the realized niche. 
Intelligent behavior, learning, memory and fitness 
Evidence is provided in this series of papers supporting the conjecture that the 
inherent dormancy capacity of Setaria seed provides a 'germinabilty memory' that interacts 
with environmental signals to determine current behaviors (e.g., dormancy maintenance, 
after-ripening, germination, dormancy re-induction). These Setaria seed behaviors are 
intelligent, and indicate learning, consistent with current understandings of these concepts in 
plants (Trewavas, 2002, 2003). Intelligence has been defined in Webster's dictionaries as 
"the ability to cope with a new situation" (Agnes, 1997) or "the ability to learn or understand 
or deal with new or trying situations (Woolfe, 1973). These definitions for intelligence 
literally describe weedy Setaria behavior. Plant intelligence, or intelligent plant behavior, 
can be simply defined as 'adaptively variable growth and development behaviors during the 
lifetime of the individual' (Trewavas, 2003; Stenhouse, 1974; Silvertown & Gordon, 1989). 
Phenotypically plastic changes in intrinsic dormancy states among individual heteroblastic 
Setaria seeds in response to local conditions on short and long time scales is hypothesized to 
be an exhibition of such intelligent behavior. Intelligent behavior in any organism has 
evolved to optimize fitness. Setaria seed heteroblasty provides an internal memory that 
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specifies the optimal ecological niche in which maximal fitness, typically the greatest 
number of viable seeds, can be achieved. Maximal fitness by means of intelligent, plastic, 
behavior can only be achieved in circumstances that confront the individual with the risk of 
mortality and test its capability for intention and choice. One of the most critical 
developmental events in the life history of weedy Setaria is seedling recruitment from soil 
seed pools and the resumption of competitive interactions with neighbors in a plant 
community. Time of seedling emergence indicates an individual plant's choice and intention 
to become exposed to mortality risk from neighbors and disturbance with the goal of 
subsequent gains in fitness. Emergence timing determines how individuals assemble in plant 
communities and interact with neighbors, which determines biomass, which directly 
predicates seed productivity (Dekker, 2004). It is therefore an ideal time in a plant's life 
history to reveal intelligent behavior designed to maximize fitness. The fine scale hedge-
betting structure revealed in these papers is a blueprint for informed future behavior, a 
memory of successful past emergence times. This heteroblastic seed memory was acquired 
in a learning process of local adaptation, realization of the weedy Setaria niche. Learning is 
the process of acquisition of information that causes a change in behavior that persists and 
leads to long term changes in behavior potential (possible individual behaviors to achieve a 
goal). Trewavas (2003) simply defines learning by whole organisms as a process that 
'requires two things: (1) a goal (or set point), usually determined in advance, and (2) an error-
indicating mechanism that quantifies how closely newly changed behavior approaches that 
goal.'. Heteroblastic seed memory is a direct expression of this trial-and-error learning 
process of selection and adaptation maximizing individual fitness: life history trajectories are 
learnt, stored in the form of dormancy capacity heterogeneity shed by an individual Setaria 
plant, and expressed in intelligent, plastic, timed behavior. 
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Table 1. Location (name, latitude, longitude) and nomenclature (lot no., population name) of 
Setaria spp. populations grouped by year of abscission and collection. 'Population names 
consist of 3-4 parts: a prefix letter designating the population location, a digits designating 
the collection year, the Julian week of abscission and collection, and an additional suffix if 
necessary. All locations were in Ames, IA, except S.E. Research Station, near 
Crawfordsville, IA; R was 100m west of Hinds (H) (see Methods and Materials). Suffix 
letters: all populations S. faberii except: -SP (S. pumila) or -SV (5. viridis); all populations 
from full sunlight except at Wessex Road: shade (-S) or full sunlight (-L) areas. 
Population 
Seed Collection Location Nomenclature Burial Date 
Name Latitude Longitude Lot# Name1 Johnson Crawfordsville 
1997 
Curtiss Farm 42°00'23"N 93°38'90"W 3728 C97-36 9.29.97 10.04.97 
9.11.98 9.10.98 
Oakwood 42°01 '83"N 93°36'54"W 3732 097-34 9.11.98 9.10.98 
Drive 3733 097-36 9.11.98 9.10.98 
3734 097-37 9.29.97 10.04.97 
9.11.98 9.10.98 
1998 
Curtiss Farm 42°00'23"N 93°38'90"W 3740 C98-32 8.22.98 8.21.98 
3746 C98-36 9.11.98 9.10.98 
3754 C98-40 10.14.98 10.13.98 
3759 C98-39-SR 10.01.98 9.29.98 
3755 C98-39-SV 10.01.98 9.29.98 
Hinds Farm 42°03'65"N 93°36' 96"W 3739 H98-32 8.22.98 8.21.98 
3744 R98-34 8.31.98 9.01.98 
3747 H98-36 9.19.98 9.22.98 
3752 H98-40 10.14.98 10.13.98 
Johnson Farm 41°58'88"N 93°38'49"W 3738 J98-32 8.22.98 8.21.98 
3749 J98-36 9.19.98 9.22.98 
3751 J98-40 10.14.98 10.13.98 
Mortensen 42°00'57"N 93°40' 59"W 3745 M98-34 8.31.98 9.01.98 
Road 3750 M98-40 10.14.98 10.13.98 
Wessex Road 41°59'67"N 93°38'30"W 3743 X98-34-L 8.31.98 9.01.98 
3742 X98-34-S 8.24.98 9.01.98 
3758 X98-39-L 10.01.98 9.29.98 
3757 X98-39-S 10.01.98 9.29.98 
Whiteoak Drive 41°59'75"N 93°38'90"W 3741 W98-32 8.22.98 8.21.98 
3748 W98-36 9.19.98 9.22.98 
3753 W98-40 10.14.98 10.13.98 
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Table 1 (continued) =_=_====_ 
Population 
Seed Collection Location Nomenclature Burial Date 
Name Latitude Longitude Lot # Name1 Johnson Crawfordsville 
1999 
Curtiss Farm 42°00'23"N 93°38'90"W 3769 C99-35 9.01.99 9.01.99 
3770 C99-38 9.30.99 9.29.99 
3771 C99-42 10.27.99 10.26.99 
3785 C99-38-SP 9.21.99 9.21.99 
3772 C99-38-SV 9.21.99 9.21.99 
Hinds Farm 42°03'65"N 93°36' 96"W 3773 H99-32 8.09.99 8.10.99 
3774 H99-36 9.14.99 9.14.99 
3775 H99-41 10.20.99 10.19.99 
Johnson Farm 41°58'88"N 93°38'49"W 3776 J 99-35 8.22.98 8.21.98 
3777 J99-38 9.19.98 9.22.98 
3778 J99-42 10.14.98 10.13.98 
S.E. Research 41°12'36"N 91°29' 73"W 3766 B99-32 8.24.99 8.24.99 
Station 3767 B99-36 9.14.99 9.14.99 
3768 B99-40 10.13.99 10.12.99 
S.E. Research 41°12'26"N 91 °29'68"W 3779 K99-32 8.24.99 8.24.99 
Station 3780 K99-36 9.14.99 9.14.99 
3781 K99-40 10.13.99 10.12.99 
Whiteoak Drive 41°59'75"N 93°38'90"W 3782 W99-32 8.09.99 8.10.99 
3783 W99-36 9.14.99 9.14.99 
3784 W99-42 10.20.99 10.19.99 
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Table 2. Seasonal times (mean (Julian week, date)) and names (season, management) for 
each of the four normal distributions underlying the mixture model. Julian week and date are 
the means for all S. faberii data combined. Season names correspond to the approximate 
time of the year at which the distribution occurs. Management names correspond to the 
major agricultural practices that occur in corn belt Iowa fields shortly before or during the 
seasonal time the distributions cover. 
Distribution Julian Week Dates Season Name Management 
(All data) Name 
1 17 April 23-29 Early Spring Corn Planting 
2 19.1 May 8-14 Mid Spring Soybean planting 
3 22.9 June 3-9 Late Spring Late Planting 
4 26.6 June 28-July 4 Early Summer Corn Layby 
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i i5 
& I 
£ Z3 
1 6  1 9  2 2  2 5  2 8  3  
Julian Week 
Mid Summer through Fall Emergence 
3 2  3 5  3 8  4 1  4 4  4 7  5 0  
Julian Week 
Figure 1. S. faberii seedling emergence (no.) with time (Julian week (JW)) during the first 
year (spring and early summer: JW14-31, left; mid summer and fall: JW32-50, right) after 
seed burial. Each line represents seedling emergence from one of the 503 cores used in the 
study. 
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Figure 2. S. faberii seedling emergence (proportion relative to total spring no.) with time 
(Julian week, JW) during the spring and early summer of the first year after burial. Top left: 
all S. faberii populations, top right: populations buried in 1997 (1998 season), bottom left: 
populations buried in 1998 (1999 season), bottom right: populations buried in 1999 (2000 
season). Bars provide a relative frequency histogram of seedling emergence. The solid line 
is the seedling emergence estimate (proportion) from the mixture model (4 normal 
components with equal variance, see materials and methods). Dashed lines show the model's 
four normal components (weighted by the mixing proportions). Triangles indicate the mean 
times (JW) of each normal component. 
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Table 3. Seedling emergence (mean times (Julian week, JW), std. deviations (JW), top 
portion of table; proportions, cumulative no. (per core of 200, JW14-31), bottom portion of 
table) of S. faberii populations within each of the four normal mixture model components 
(early, mid and late spring and early summer) during the first year after burial, grouped by 
burial year (top), nursery (top middle), and burial year at each nursery (Crawfordsville 
(Craw), bottom middle; Johnson (John), bottom). In all cases, numbers in the same column, 
portion of the table and group (year, nursery, year by individual nursery) with the same 
uppercase letter are not statistically different (comparison of 95% confidence intervals, 
probability (p)>.05). Numbers in the same row with the same lowercase letter are not 
statistically different (hypothesis test, p>.05). 
Populations 
Distribution mean Time (JW) Common Standard 
Deviation (JW) Early Spring Mid Spring Late Spring Early Summer 
All S. faberii 17.0 19.1 22.8 26.5 1.05 
1997 17.2 A 18.8 A 21.7 A 26.6 A 0.90 B 
1998 16.9 A 19.5 B 22.9 B 26.6 A 0.78 A 
1999 16.9 A 20.1 C 23.0 B 26.6 A 1.18 C 
Crawfordsville 16.9 A 20.0 B 23.7 B 27.2 B 0.96 B 
Johnson 16.9 A 18.9 A 22.5 A 26.4 A 0.88 A 
1997 Craw 15.6 A 19.4 A 21.2 A 26.8 A 0.80 A 
1998 Craw 16.7 B 19.8 B 24.0 C 27.1 B 0.72 A 
1999 Craw 17.0 C 20.2 C 23.3 B 27.3 B 1.16 B 
1997 John 18.5 C 21.0 B 23.5 C 26.5 B 0.92 B 
1998 John 17.0 B 19.4 A 22.4 A 26.6 B 0.54 A 
1999 John 16.5 A 22.7 B 26.2 A 1.26 C 
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Table 3 (continued) 
Proportion of seeds within each distribution Cumulative Number 
Early Spring Mid Spring Late Spring Early Summer Emerged (JW 14-31) 
All S. faberii 0.12 0.38 0.3 0.19 37 
1997 0.06 A a 0.71 C c 0.08 A a 0.14 A b 44 B 
1998 0.17 Bb 0.36 B c 0.34 B c 0.13 A a 35 A 
1999 0.20 C b 0.14 A a 0.43 C d 0.23 B c 34 A 
Crawfordsville 0.20 B b 0.37 A d 0.32 B c 0.11 A a 33 A 
Johnson 0.11 A a 0.45 B d 0.25 A c 0.18 Bb 40 B 
1997 Craw 0.01 A a 0.54 C d 0.18 Ac 0.03 A b 28 A 
1998 Craw 0.19 Bb 0.39 B d 0.35 B c 0.07 A a 26 A 
1999 Craw 0.26 C b 0.21 A b 0.42 C c 0.11 B a 42 B 
1997 John 0.79 C d 0.08 A b 0.02 A a 0.12 Ac 48 B 
1998 John 0.16 Bb 0.33 B c 0.37 B d 0.14 A a 44 B 
1999 John 0.08 A a 0 — 0.37 B b 0.55 B c 25 A 
110 
All Crawfordsville Crawfordsville: 1998 Season 
g« 
0) o 3 
cr 
O 
O 
25 30 15 20 
o 
o 
o 
20 25 30 15 
Julian Week Julian Week 
Crawfordsville: 1999 Season Crawfordsville: 2000 Season 
o 
<D O 
O 
O 
O 
15 20 25 30 
d 
g CO 
CD O 
cr 
> O 
O 
o 
25 30 15 20 
Julian Week Julian Week 
Figure 3. S. faberii seedling emergence (proportion relative to total spring no.) at the 
Crawfordsville nursery with time (Julian week, JW) during the spring and early summer of 
the first year after burial. Top left: all S. faberii populations, top right: populations buried in 
1997 (1998 season), bottom left: populations buried in 1998 (1999 season), bottom right: 
populations buried in 1999 (2000 season). Bars provide a relative frequency histogram of 
seedling emergence. The solid line is the seedling emergence estimate (proportion) from the 
mixture model (4 normal components with equal variance, see materials and methods). 
Dashed lines show the model's four normal components (weighted by the mixing 
proportions). Triangles indicate the mean times (JW) of each normal component. 
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Figure 4. S. faberii seedling emergence (proportion relative to total spring no.) at the 
Johnson nursery with time (Julian week, JW) during the spring and early summer of the first 
year after burial. Top left: all S. faberii populations, top right: populations buried in 1997 
(1998 season), bottom left: populations buried in 1998 (1999 season), bottom right: 
populations buried in 1999 (2000 season). Bars provide a relative frequency histogram of 
seedling emergence. The solid line is the seedling emergence estimate (proportion) from the 
mixture model (4 normal components with equal variance, see materials and methods). 
Dashed lines show the model's four normal components (weighted by the mixing 
proportions). Triangles indicate the mean times (JW) of each normal component. 
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Figure 5. S. faberii seedling emergence (proportion relative to total spring no.) with time 
(Julian week, JW) during the spring and early summer of the first (left), second (middle) and 
third (right) years after burial during the 1999 (top) and 2000 (bottom) seasons. Data for the 
third year after burial was available only for the 1997 populations during the 2000 season. 
Bars provide a relative frequency histogram of seedling emergence. The solid line is the 
seedling emergence estimate (proportion) from the mixture model (4 normal components 
with equal variance, see materials and methods). Dashed lines show the model's four normal 
components (weighted by the mixing proportions). Triangles indicate the mean times (JW) 
of each normal component. 
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Table 4. Seedling emergence (mean times (Julian week, JW), std. deviations (JW), top 
portion of table; proportions, cumulative no. (per core of 200, JW 14-31), bottom portion of 
table) of S. faberii populations within each of the four normal mixture model components 
(early, mid and late spring and early summer) during the first-third years after burial, grouped 
by season (1999, top; 2000, bottom). Data for the third year after burial was available only 
for the 2000 season. In all cases, numbers in the same column, portion of the table and group 
(season) with the same uppercase letter are not statistically different (comparison of 95% 
confidence intervals, probability (p)>.05). Numbers in the same row with the same 
lowercase letter are not statistically different (hypothesis test, p>.05). 
Distribution mean Time (JW) Common Standard 
Early Spring Mid Spring Late Spring Early Summer Deviation (JW) 
1999 Season 
1st Year 16.9 A 19.5 A 22.9 B 26.6 A 0.78 B 
2nd Year 17.1 B 19.5 A 22.6 A 26.7 A 0.39 A 
2000 Season 
1st Year 16.9 A 20.1 A 
2nd Year 17.1 A 20.8 B 
3rd Year 17.3 A 20.6 AB 
23.0 A 26.6 A 1.18 C 
23.7 B 27.5 B 1.00 B 
23.8 B 27.3 B 0.77 A 
Proportion of seeds within each distribution 
Cumulative Number 
Early Spring Mid Spring Late Spring Early Summer Emerged (JW 14-31) 
1999 Season 
1st Year 0.17 A b 0.36 Ac 0.34 B c 0.13 B a 35 B 
2nd Year 0.18 A b 0.54 B d 0.24 A c 0.04 A a 29 A 
2000 Season 
1st Year 0.20 B b 
2nd Year 0.06 A a 
3rd Year 0.10 A a 
0.14 A a 0.43 Ad 
0.20 AB b 0.48 A d 
0.26 B b 0.57 B c 
0.23 Be 34 C 
0.25 Be 15 B 
0.08 A a 4 A 
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Figure 6. S. faberii seedling emergence (proportion relative to total spring no.) from 
populations collected during the early (Julian week (JW) 32), middle (JW36) and late (JW40) 
periods of the seed rain with time (JW) during the spring and early summer of the first year 
after burial during the 1999 and 2000 seasons (top), 1999 season only (early, middle left; 
middle, middle middle; late, middle right) and 2000 season only (early, bottom left; middle, 
bottom middle; late, bottom right). Bars provide a relative frequency histogram of seedling 
emergence. The solid line is the seedling emergence estimate (proportion) from the mixture 
model (4 normal components with equal variance, see materials and methods). Dashed lines 
show the model's four normal components (weighted by the mixing proportions). Triangles 
indicate the mean times (JW) of each normal component. 
115 
Table 5. Seedling emergence (mean times (Julian week, JW), std. deviations (JW), top 
portion of table; proportions, cumulative no. (per core of 200, JW 14-31), bottom portion of 
table) of S. faberii populations collected during the early (JW32), middle (JW36) and late 
(JW40) periods of the seed rain within each of the four normal mixture model components 
(early, mid and late spring and early summer) during the first year after burial, grouped by 
season (1999 and 2000, top; 1999 only, middle; 2000 only, bottom). In all cases, numbers in 
the same column, portion of the table and group (season) with the same uppercase letter are 
not statistically different (comparison of 95% confidence intervals, probability (p)>.05). 
Numbers in the same row with the same lowercase letter are not statistically different 
(hypothesis test, p>.05). 
Distribution mean Time (JW) Common Standard 
Early Spring Mid Spring Late Spring Early Summer Deviation (JW) 
All EML 16.7 19.5 22.9 26.5 0.94 
Early 16.7 A 19.6 A 22.8 A 26.7 B 0.94 A 
Middle 16.6 A 19.6 A 22.9 A 26.1 A 0.97 A 
Late 17 B 19.5 A 23 A 26.6 B 0.91 A 
1999 Season 
Early 17.2 B 19.5 A 22.9 A 26.7 A 0.86 B 
Middle 16.8 A 19.6 A 23.1 A 26.3 A 0.72 A 
Late 17.1 B 19.5 A 23.0 A 26.5 A 0.84 B 
2000 Season 
Early 16.6 A 19.8 A 22.8 A 26.6 B 0.98 A 
Middle 16.3 A 19.5 A 22.4 A 25.8 A 1.26 B 
Late 17.5 B - - 22.6 A 27 B 1.29 B 
Table 5 (continued) 
Proportion of seeds within each distribution Cumulative Number 
Early Spring Mid Spring Late Spring Early Summer Emerged (JW14-31) 
All EML 0.18 0.29 0.38 0.15 36 
Early 0.22 B a 0.18 A a 0.4 B b 0.21 C a 27 A 
Middle 0.28 C b 0.32 B b 0.3 A b 0.11 A a 36 B 
Late 0.12 A a 0.31 B c 0.4 Bd 0.16 Bb 47 C 
1999 Season 
Early 0.11 A a 0.30 A c 0.36 B c 0.23 C b 20 A 
Middle 0.28 B b 0.38 B c 0.27 A b 0.08 A a 35 B 
Late 0.09 A a 0.34 B c 0.41 B d 0.16 B b 48 C 
2000 Season 
Early 0.29 A c 0.08 A a 0.43 A d 0.19 A b 34 A 
Middle 0.30 A b 0.16 A a 0.39 A b 0.15 A a 39 A 
Late 0.38 B b 0 0.44 A b 0.17 A a 45 A 
117 
All 1999-2000 Season Data 
S. faberii S. pumila S. viridis 
LL CM 
CDO 
(DO 
O 
O 
30 20 25 30 
Julian Week 
20 25 30 
Julian Week Julian Week 
1999 Season 
S. faberii S. pumila S. viridis 
cro 
LL CM (DO 
(0 t— (Do 
O 
O 
20 25 30 20 25 30 
Julian Week Julian Week Julian Week 
2000 Season 
S. faberii S. pumila S. viridis 
LL CM 
CD d 
o 
o 
20 25 30 
Julian Week 
20 25 30 
Julian Week 
20 25 
Julian Week 
Figure 7. Seedling emergence (proportion relative to total spring no.) from S. faberii (left), S. 
pumila (middle) and S. viridis populations with time (Julian week, JW) during the spring and 
early summer of the first year after burial during the 1999 and 2000 seasons (top), 1999 
season only (middle) and 2000 season only (bottom). Bars provide a relative frequency 
histogram of seedling emergence. The solid line is the seedling emergence estimate 
(proportion) from the mixture model (4 normal components with equal variance, see 
materials and methods). Dashed lines show the model's four normal components (weighted 
by the mixing proportions). Triangles indicate the mean times (JW) of each normal 
component. 
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Table 6. Seedling emergence (mean times (Julian week, JW), std. deviations (JW), top 
portion of table; proportions, cumulative no. (per core of 200, JW14-31), bottom portion of 
table) of S. faberii, S. viridis, and S. pumila populations within each of the four normal 
mixture model components (early, mid and late spring and early summer) during the first 
year after burial, grouped by season (1999 and 2000, top; 1999 only, middle; 2000 only, 
bottom). In all cases, numbers in the same column, portion of the table and group (season) 
with the same uppercase letter are not statistically different (comparison of 95% confidence 
intervals, probability (p)>.05). Numbers in the same row with the same lowercase letter are 
not statistically different (hypothesis test, p>.05). 
Distribution mean Time (JW) Common Standard 
Early Spring Mid Spring Late Spring Early Summer Deviation (JW) 
All 1999-2000 data 
S. faberii 16.8 A 19.6 A 23.0 A 26.6 A 0.95 A 
S. pumila 17.5 AB 20.2 B 22.8 A 26.7 A 0.90 A 
S. viridis 18.1 B 21.9 C 25.6 B 31.4 B 1.29 B 
1999 Season 
S. faberii 16.9 A 19.5 A 22.9 A 26.6 A 0.78 B 
S. pumila 17.3 A 19.9 B 23.0 A 26.8 A 0.61 A 
S. viridis 18.0 A 21.0 AB 23.2 A 26.0 A 1.23 B 
2000 Season 
S. faberii 16.9 A 20.1 A 23.0 A 26.7 A 1.18 B 
S. pumila 18.5 B 21.6 B 24.0 B 26.8 A 0.50 A 
S. viridis 17.9 AB 22.2 A 27.6 A 2.00 B 
Table 6 (continued) 
Proportion of seeds emerging within each distribution Cumulative Number 
Early Spring Mid Spring Late Spring Early Summer Emerged (JW14-31) 
All 1999-2000 data 
S. faberii 0.17 B a 0.28 A b 0.38 A c 0.17 C a 34 A 
S. pumila 0.03 A a 0.32 A c 0.57 B d 0.08 B b 40 A 
S. viridis 0.21 B b 0.47 B c 0.31 A b 0.02 A a 25 A 
1999 Season 
S. faberii 0.17 Bb 0.36 A c 0.34 A c 0.13 B a 35 A 
S. pumila 0.04 A a 0.37 A b 0.53 B c 0.06 A a 53 A 
S. viridis 0.18 ABa 0.23 A a 0.28 AB a 0.31 AB a 29 A 
2000 Season 
S. faberii 0.20 B b 0.14 A a 0.43 B d 0.23 B c 34 A 
S. pumila 0.05 A a 0.57 B c 0.25 A b 0.12 A a 28 A 
S. viridis 0.16 ABa 0.75 C b 0.09 AB a 20 A 
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Figure 8. Seedling emergence (proportion relative to total spring no.) from the 1998 S. 
faberii inter-AR groups (Group 1, most germinable, top left; group 2 middle germination, 
top right; group 3 least germinable, bottom; developed in Jovaag, Atchison, and Dekker, 
2006a) with time (Julian week, JW) during the spring and early summer of the first year after 
burial. Bars provide a relative frequency histogram of seedling emergence. The solid line is 
the seedling emergence estimate (proportion) from the mixture model (4 normal components 
with equal variance, see materials and methods). Dashed lines show the model's four normal 
components (weighted by the mixing proportions). Triangles indicate the mean times (JW) 
of each normal component. 
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Figure 9. Seedling emergence (proportion relative to total spring no.) from the 1999 S. 
faberii inter-AR groups (Group 1, most germinable, top left; group 2 middle germination, 
top right; group 3, unusual population, bottom left; group 4, least germinable, bottom right; 
developed in Jovaag, Atchison, and Dekker, 2006a) with time (Julian week, JW) during the 
spring and early summer of the first year after burial. Bars provide a relative frequency 
histogram of seedling emergence. The solid line is the seedling emergence estimate 
(proportion) from the mixture model (4 normal components with equal variance, see 
materials and methods). Dashed lines show the model's four normal components (weighted 
by the mixing proportions). Triangles indicate the mean times (JW) of each normal 
component. 
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Table 7. Seedling emergence (mean times (Julian week, JW), std. deviations (JW), top 
portion of table; proportions, cumulative no. (per core of 200, JW 14-31), bottom portion of 
table) of the 1998 and 1999 inter-AR groups (developed in Jovaag, Atchison, and Dekker, 
2006a) within each of the four normal mixture model components (early, mid and late spring 
and early summer) during the first year after burial, grouped by season (1998: Group 1, most 
germinable; group 2, middle germination; group 3, least germinable, top; 1999: group 1, 
most germinable; group 2, middle germination; group 3, unusual population; group 4, least 
germinable, bottom). In all cases, numbers in the same column, portion of the table and 
group (season) with the same uppercase letter are not statistically different (comparison of 
95% confidence intervals, probability (p)>.05). Numbers in the same row with the same 
lowercase letter are not statistically different (hypothesis test, p>.05). 
Distribution mean time (JW) Common Standard 
Group Early Spring Mid Spring Late Spring Early Summer Deviation (JW) 
1998 
1 16.7 A 19.5 A 23.0 A 26.4 A 0.69 A 
2 17.0 B 19.5 A 23.0 A 26.5 A 0.81 B 
3 17.1 B 19.6 A 22.8 A 26.6 A 0.82 B 
1 16.5 A 19.8 AB 22.6 A 26.0 A 1.13 B 
2 17.3 B 20.2 B 23.2 B 26.6 B 1.17 B 
3 16.9 AB 19.2 A 22.8 A 26.4 ABC 0.72 A 
4 17.0 B 20.3 B 22.9 AB 26.9 C 1.18 B 
Proportion of seeds emerging within each distribution Cumulative Number 
Group Early Spring Mid Spring Late Spring Early Summer Emerged (JW14-31) 
1998 
1 0.30 Bb 0.37 Be 0.26 Ab 0.07 A a 48 A 
2 0.12 A a 0.35 AB c 0.39 Bd 0.14 Bb 35 B 
3 0.16 A a 0.31 Ab 0.34 Bb 0.19 Ca 21 C 
1 0.28 Bb 0.20 Ca 0.36 A c 0.16 Ba 42 A 
2 0.12 A a 0.12 A B a  0.47 Be 0.28 D b 33 AB 
3 0.29 B be 0.22 B C b  0.42 AB c 0.07 A a 28 B 
4 0.27 Be 0.08 A a 0.43 A B d  0.22 Cb 31 AB 
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CHAPTER 5: GENERAL CONCLUSIONS 
Relationship of heteroblastic germinability at abscission and subsequent behavior 
The life history trajectory of the individual Setaria seed, from anthesis and 
embryogenesis to germination and seedling emergence is determined in the first instance by 
the inherent, parentally-induced, dormancy capacity of the seed, but is sensitive to the 
environmental conditions confronted on different time scales. At the widest temporal scale 
studied, heteroblastic qualities largely determine the numbers of seeds that are recruited in a 
single year and locality. On a finer temporal scale (weekly or daily), the distribution and 
timing (pattern) of seedling emergence is strongly influenced by the unfolding seasonal 
environment. The life history trajectory is therefore a pathway whose course is first set by 
inherent dormancy qualities. The subsequent pathway is continually adjusted in response to 
fine scale temporal conditions encountered. Sensitive, short-term responses to these signals 
accumulate, and the dormancy states of seeds change on a weekly and daily basis. The 
consequent life history trajectory is apparent in dormancy-germinability cycling (Jovaag, 
Dekker, and Atchison, 2006). The life history trajectory is therefore both deterministic and 
plastic, conditional on starting conditions (parentally induced dormancy capacity) and 
modulated by conditions confronted on shorter time scales. The resulting recruitment is an 
emergent property of the complex component pathways of individual temporal commitments. 
Seed dormancy hedge-betting for recruitment 
Evolutionarily, hedge-betting is a strategy of spreading risks to reduce the variance in 
fitness, even though this reduces intrinsic mean fitness. Hedge-betting is favored in 
unpredictable environments where the risk of death is high because it allows a species to 
survive despite recurring, fatal, disturbances. Risks can be spread in time or space by either 
behavior or physiology. Risk spreading can be conservative (risk avoidance by a single 
phenotype) or diversified (phenotypic variation within a single genotype) (Cooper and 
Kaplan, 1982; Philippi and Seger, 1989; Seger and Brockman, 1987). Setaria spp. clearly 
diversifies its seedling recruitment risks in the face of agricultural disturbance and 
heterogeneous, changeable habitats. Hedge-betting of germination time reduces temporal 
variance in fitness of Setaria in agroecosystems which have annual cycles of disturbance in 
addition to unpredictable yearly climatic conditions. Earlier emergence allows for greater 
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biomass and potentially explosive seed production at season's end (Dekker 2004), but also 
has a high risk of death from agricultural practices. Later emergence has a lower potential 
for seed production, but also a lower risk of death. Thus variation in germination time results 
in both a decrease in the maximum and an increase in the minimum potential seed 
production, reducing fitness variability and ensuring enduring occupation of the locality. 
Variation in germination time has the additional benefit of reducing sibling competition, 
which enhances individual fitness (Cheplick 1996). There is some predictability to the 
primary sources of death and germination opportunities for Setaria in Iowa agroecosystems: 
the major agricultural practices of corn planting, soybean planting, late planting, and layby 
(generally last time of herbicide application) occur during specific seasonal periods. This 
suggests a hedge-bet strategy in which some seed germinates during, or just after, each of 
these periods. The proportion and timing of emergence within each of these periods would 
be modified by both inherent heteroblasty and environmental conditions to produce the actual 
hedge-bet. 
Evidence for the diversified hedge-betting in Setaria seedling recruitment was 
apparent in that the heteroblastic differences among the populations were echoed in seedling 
emergence behavior. Observed heteroblastic differences within and among populations 
revealed a fine scale adaptation to local space and time conditions. Thus heteroblasty 
provided the blueprint for seedling recruitment. For example, within S. faberi, less dormant 
populations had greater emergence numbers and sometimes earlier emergence; also, S. faberi 
was less dormant and had more early emergence compared with S. pumila. This inherent, 
genotypic, blueprint was modulated by seasonal environmental conditions and locality, 
sometimes to such an extent that the influence of heteroblasty was obscured (e.g. 2000 
season). The resulting, complex, pattern of emergence revealed the actual "hedge-bet" 
structure for Setaria seedling recruitment, the realized niche. 
Intelligent behavior, learning, memory and fitness 
Evidence is provided in this series of papers supporting the conjecture that the 
inherent dormancy capacity of Setaria seed provides a 'germinabilty memory' that interacts 
with environmental signals to determine current behaviors (e.g. dormancy maintenance, 
after-ripening, germination, dormancy re-induction). These Setaria seed behaviors are 
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intelligent, and indicate learning, consistent with current understandings of these concepts in 
plants (Trewavas, 2002, 2003). Intelligence has been defined in Webster's dictionaries as 
"the ability to cope with a new situation" (Agnes, 1997) or "the ability to learn or understand 
or deal with new or trying situations (Woolfe, 1973). These definitions for intelligence 
literally describe weedy Setaria behavior. Plant intelligence, or intelligent plant behavior, 
can be simply defined as 'adaptively variable growth and development behaviors during the 
lifetime of the individual' (Trewavas, 2003; Stenhouse, 1974; Silvertown & Gordon, 1989). 
Phenotypically plastic changes in intrinsic dormancy states among individual heteroblastic 
Setaria seeds in response to local conditions on short and long time scales is hypothesized to 
be an exhibition of such intelligent behavior. Intelligent behavior in any organism has 
evolved to optimize fitness. Setaria seed heteroblasty provides an internal memory that 
specifies the optimal ecological niche in which maximal fitness, typically the greatest 
number of viable seeds, can be achieved. Maximal fitness by means of intelligent, plastic, 
behavior can only be achieved in circumstances that confront the individual with the risk of 
mortality and test its capability for intention and choice. One of the most critical 
developmental events in the life history of weedy Setaria is seedling recruitment from soil 
seed pools and the resumption of competitive interactions with neighbors in a plant 
community. Time of seedling emergence indicates an individual plant's choice and intention 
to become exposed to mortality risk from neighbors and disturbance with the goal of 
subsequent gains in fitness. Emergence timing determines how individuals assemble in plant 
communities and interact with neighbors, which determines biomass, which directly 
predicates seed productivity (Dekker, 2004). It is therefore an ideal time in a plant's life 
history to reveal intelligent behavior designed to maximize fitness. The fine scale hedge-
betting structure revealed in these papers is a blueprint for informed future behavior, a 
memory of successful past emergence times. This heteroblastic seed memory was acquired 
in a learning process of local adaptation, realization of the weedy Setaria niche. Learning is 
the process of acquisition of information that causes a change in behavior that persists and 
leads to long term changes in behavior potential (possible individual behaviors to achieve a 
goal). Trewavas (2003) simply defines learning by whole organisms as a process that 
'requires two things: (1) a goal (or set point), usually determined in advance, and (2) an error-
indicating mechanism that quantifies how closely newly changed behavior approaches that 
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goal.'. Heteroblastic seed memory is a direct expression of this trial-and-error learning 
process of selection and adaptation maximizing individual fitness: life history trajectories are 
learnt, stored in the form of dormancy capacity heterogeneity shed by and individual Setaria 
plant, and expressed in intelligent, plastic, timed behavior. 
Recommendations for future Research 
Seed development, the changes seeds undergo while in the soil, and recruitment 
behaviors are all modulated by the quantity of environmental signals the seeds receive. 
Hence, incorporating signal quantity (i.e. oxy-hydro-thermal time; Dekker, 2003) into the 
models may aid in interpretation of the environmental effects (year, locality, seed age in the 
soil). Accurate measurement of the signal quantity actually available to seeds in the field is 
difficult. Each individual seed responds to its immediate microenvironment, which can vary 
considerably over a very small spatial scale. Thus signal measurements should be made 
close to the seeds and on as small a spatial scale as is practicable. 
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APPENDIX: DETAILS ON STATISTICAL METHODOLOGY 
This appendix contains further details on the clustering method in chapter 2, the 
dormancy cycle model in chapter 3, and the mixture model in chapter 4. 
Examination of the clustering method in chapter 2 
The clustering procedure used in chapter 2 placed some populations that were not 
significantly different from each other into different inter-AR groups. For example, M98-40 
was placed into group 1, while H98-36 was place into group 2 (table 5, Chapter 2), even 
though these two populations were not found to be significantly different at any after-
ripening (AR) duration tested. Thus the effectiveness of the clustering method must be 
examined. To accomplish this, simulated datasets with known inter-AR groupings were 
subjected to the clustering method in order to determine the proportion of populations that 
were accurately classified. 
Data Simulation. First, it was assumed that the mean percent germination observed for each 
inter-AR group at each AR duration was the true percent germination for that inter-AR 
group: 
Pijki 
where i = inter-AR group = 1,2,3 if k = \ 998 or 
= 1,2,4 if t= 1999 
j = AR duration = 0,14,35,49,63,77 if k = 1998 or 
= 0, 3, 6 42,45 if t= 1999 
k = year = 1998,1999. 
Inter-AR group 3 from 1999 (that is, /=3 for £=1999) was deleted because it contained a 
single population. If the observed average percent germination (p,#) was 0, then ptjk was set 
to .0001 for the simulation. A two step procedure was then used to simulate a dataset. First, 
it was arbitrarily decided to simulate ten populations from each inter-AR group. This 
resulted in a total of sixty simulated populations (10 in each of 3 inter-AR groups in each of 2 
years). The percent germination for each of these population at each AR duration (%«) was 
simulated by obtaining a random sample from each, assuming: 
Sijki ~ B(100,p,)&), 
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where 1= population = 1,10; 
i , j ,  and k  are inter-AR group, AR duration, and year (as above); 
number of trials = 100 was chosen arbitrarily to give a percentage. 
The proportion of successes (q^i = (# successes)/100) in those random samples represented 
the "true" percent germination for that population and AR duration. Second, the percent 
germination (Rijkm) in five replications of size twenty (as in the original data) from each of the 
sixty populations was simulated by obtaining 5 random samples from each population, 
assuming: 
Rijkm ~ B(20, (Jijkl)y 
where m= replication = 1,.. .5; 
i , j ,  k  and I  are inter-AR group, AR duration, year, and population (as above); 
number of trials = 20 was chosen to correspond with the original data. 
This resulted in two datasets (1998 and 1999 data), each containing 5 replications of size 20 
from 30 populations. 
Analysis and Results. The simulated data were then subjected to the same analysis as in 
chapter 2. The LSMean structure of the simulated populations was similar to that of the 
original data. That is, some simulated populations from different inter-AR groups were not 
significantly different from each other (as was found in the original data). For example, in 
the original data 3/8 = 37.5% of the 1998 populations in inter-AR group 2 were significantly 
different from all of the populations in inter-AR group 1 at 35 days of after-ripening (chapter 
2, table 5). In the simulated 1998 data, 3/10 = 30% of the inter-AR group 2 populations were 
significantly different from each of the inter-AR group 1 populations at 35 days of after-
ripening. Similarly, in the original data none of the 1999 inter-AR group 4 populations were 
significantly different from all of the inter-AR group 2 populations at 27 days of after-
ripening (chapter 2, table 7), nor were any of the simulated 1999 inter-AR group 4 
populations significantly different from all of the simulated 1999 inter-AR group 2 
populations at 27 days of after-ripening. Yet the clustering method correctly classified 80% 
of the simulated 1998 populations and 93% of the simulated 1999 populations. Thus the 
clustering method appears to be effective in separating populations into germinability groups 
despite a lack of significant differences among some of the individual populations. 
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Modeling the dormancy cycle of live seed in chapter 3 
A single model (Lorentzian response function) was used to describe the dormancy 
cycle of live seeds in chapter 3: 
where £j~ z'zc/N(0, l). See Materials and methods in chapter 3 for description of the model 
parameters. Visual examination of the plots in figures 3-6 (chapter 3) suggested the 
possibility of unequal variance. Plots of the cube root squared studentized residuals (Carroll 
& Rupert, 1988) against the log of the predicted values indicated that the variance increased 
with predicted value in some instances. The most extreme cases were the overall spring data 
and the spring data from the 1998 season (see figure 1). Variances were more stable when a 
power of the mean variance model was used, that is: 
(see figure 2). Estimates of 6 ranged from -.4 to 1.7 depending on the datasets being 
modeled (Spring, Fall, 1998, 1999, individual population, etc.). 
Modeling the spring and early summer emergence pattern in chapter 4 
Seedling emergence in the first half of the season (Julian weeks 14-31) showed a 
complex oscillating pattern. Mixture models, that is, models which are a combination of two 
or more simple distributions, are often flexible enough to fît such complex patterns, yet still 
provide parameters for interpretation and comparison. However, two potentially difficult 
issues arose when attempting to fit mixture models to our data—how to determine the 
number of distributions, and whether to constrain the parameters in some way. 
Determining the number of distributions. Determination of the number of distributions in 
a mixture model is a difficult problem which has not been completely resolved (McLachlan 
& Peel 2001). The difficulty is a result of regularity conditions not being met for the 
likelihood ratio test statistic. The null hypothesis holds if one or more mixing proportions is 
0 (boundary of the parameter space). It also holds if, for mixtures of f(y;0), 0a= Ob for some 
a * b (nonidentifiable subset of the parameter space). Hence the asymptotic distribution of 
arctan 
(1) 
(2) 
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the MLE is unknown. Many tests have been proposed to determine the number of 
distributions; however, all of them have some disadvantages. The goal is to have the 
smallest number of components which are different, have nonzero mixing proportions, and 
are compatible with the data. For our data, visual examination of histograms of the data 
indicated mixtures of three distributions were insufficient. For example, some datasets 
clearly showed four distinct peaks (e.g. figure 3, left). Others that showed only three peaks 
had one peak that was skewed (e.g. figure 3, right). Mixtures of five distributions generally 
contained one distribution with a mixing proportion close or equal to zero. Mixtures of four 
distributions, however, were appropriate, based on visual examination of the histograms. 
Determining constraints on model parameters. Mixture models consisting of four normal 
distributions with unconstrained means and variances, that is: 
where 0 < <1, 7ti+...+7t4=l, and /;(jc) ~ TV(//,.,<7t), frequently resulted in models 
containing two distributions with nearly identical means and very different standard 
deviations (e.g. figure 4, left). Because of the critical importance of the timing of emergence, 
it seems more reasonable that if there are distinct emergence phenotypes, that they would 
have distinct mean times, rather than identical mean times and varying standard deviations. 
No prior information was available on the relative sizes of the standard deviations or their 
relationship (if any) to the means. Thus it was decided to constrain the standard deviations to 
be equal: /, (x) ~ N(jU;,cr). This constraint resulted in models in which the means for each 
distribution tended to be separated in time. It also resulted in models with eight parameters 
(4 means, 1 standard deviation, 3 independent proportions) rather than eleven. Differences in 
the fit of the two models (unrestricted and equal standard deviation) were examined by 
evaluating and plotting the empirical CDF against CDF's from both models. Let Y represent 
the sample of seeds emerged during JW 14-31. Then the empirical CDF is: 
Fn(y) = ~1tI(yi ^ y) 
n ,=i 
where n = the number of observations = total number of seeds emerged during JW14-31, and 
l(yj < y) = 1 if yt < y and 0 otherwise. This CDF was evaluated at 18 points, one for each 
JW 14-31. That is, for 7=14-31: 
(3) 
n i=i 
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where y. = (number of seeds emerged during JW j). The CDF for the unrestricted 
mixture modelVas then evaluated at each 7=14-31: 
1 
unrestricted 
k-1 7tlr r: exp 2^ 
x X 
ix 
) J 
(4) 
where x = time (JW) and pk, jUk and are the mixing proportion, mean and standard 
deviation for component k (fc=l,...,4) of the mixture model. The CDF for the restricted 
model was also evaluated at each 7=14-31 : 
k=1 
1 
•n. r: 
exp ix  - A y 
2(f 
x A 
ix 
v J 
(5) 
A plot of Funrestricted versus Fn and Frestricted versus Fn showed that both models have similar 
fits (e.g. Crawfordsville 2000 season shown in figure 5). It also indicated that both models 
were a reasonable description of the data since the points fell near the line where y=x. The 
model with equal standard deviations was chosen because it was more biologically 
reasonable and had fewer parameters. 
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Figure 1. Cube root squared studentized residuals versus the log of the predicted value for 
all spring data (left) and the 1998 season spring data (right) after analysis using equation (1) 
(lorentzian function). 
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Figure 2. Cube root squared studentized residuals versus the log of the predicted value for 
all spring data (left) and the 1998 season spring data (right) after analysis using equation (2) 
(lorentzian function with a power of the mean variance model). 
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Figure 3. S. faberii seedling emergence (proportion relative to total spring no.) at the 
Johnson nursery in the 1999 season (right) and all S. faberii populations (3 seasons, 2 
nurseries; right) with time (Julian week, JW) during the spring and early summer of the first 
year after burial. Bars provide a relative frequency histogram of seedling emergence. The 
solid line is the seedling emergence estimate (proportion) from the mixture model (4 normal 
components with equal variance, see materials and methods). Dashed lines show the model's 
four normal components (weighted by the mixing proportions). Triangles indicate the mean 
times (JW) of each normal component. 
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Crawfordsville: 2000 Season 
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Figure 4. S. faberii seedling emergence (proportion relative to total spring no.) at the 
Crawfordsville nursery in the 2000 season with time (Julian week, JW) during the spring and 
early summer of the first year after burial. Bars provide a relative frequency histogram of 
seedling emergence. The solid line is the seedling emergence estimate (proportion) from the 
mixture model (4 normal components with unconstrained variance (left) and variances 
constrained to be equal (right). Dashed lines show the model's four normal components 
(weighted by the mixing proportions). The apparent vertical line at JW 19 in the left graph is 
the seedling emergence estimate for that time—an effect of the second normal component 
which has a very small variance and a peak that is outside the range of the graph. Triangles 
indicate the mean times (JW) of each normal component. 
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Crawfordsville: 2000 Season 
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Figure 5. Empirical CDF (equation (3)) versus CDFs from the unrestricted (equation (4), 
dots) and equal standard deviation (equation (5), triangles) mixture models evaluated at each 
Julian week 14-31 for the Crawfordsville data in the 2000 season. 
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